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Railways Modernize with Centralized Supervisory Control*

By C. GORDON WHITE
Standard Telephones and Cables, Limited; London, England

ECENTLY a number of railway electri-
fication schemes conceived in the late

1930’s but delayed by the war have

been, or are being, completed, whilst others that
‘have been operating for many years past have
been modernized. These schemes, designed to
increase the traffic-carrying capacity of the vari-
ous routes, are the most up-to-date in the world,
and it is significant that, without exception, their
power-supply networks are supervised and con-
trolled by centralized control systems. This,
besides promoting an operational efficiency
obtainable by no other means, also contributes
to the clamant need for economy both in man-

* Reprinted from British Engineering, v. 33, pp. 218
229; August, 1950.
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power and in current expenditure, since sub-
stations may be wholly unattended.

The latest example of railway electrification
is that of the Liverpool Street-Shenfield section
of British Railways.! This route of approximately
20 miles (32 kilometres) serves the densely popu-
lated eastern suburbs of London and is the most
heavily loaded suburban service in the world,
Besides the suburban traffic, this line also carries
nearly all the main-line freight and passenger
traffic to the eastern districts of England, and,
because of this, it has been planned for main-line
electrification. The route served by the initial
stage of electrification, its relation to neighbour-
ing routes of the London Underground system,

L See British Engineering, v. 32, p. 900; December, 1949.
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and the main routes to the Eastern Counties can
be seen in Figure 1. The location of rectifier sub-
stations and track-sectioning cabins between
London and Shenfield is indicated in Figure 2.
In planning the remote-control system for this

IIELWUIK, d.LLCiILlUil Ild.(.l to UC pd.lU Lo Lllt p[UUlelt:

ultimate scope of the electrification scheme and
to the routes hlzp]v to be included. These con-

siderations showed that the initial scheme would
need 11 remote stations and that ultimately
about 33 stations might be required. Because of
this, the choice of control system almost inevi-
tably fell on the common-equipment system, a
system that was developed some 10 years before
for just such a set of conditions, e.g., initially,
centralized control of comparatively few sub-
but with facilities

stations, bringing,

required, many more under control without
interrupting the system that must be countinu-
ously in operation.

fﬂt‘ ag
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1. Common-Equipment System

The Standard common-equipment system
(C.E.S.) or common-diagram system (C.D.S.}, as
it is named, when applied to a city distribution
network, was first supplied in 1942 to the
Manchester Corporation Electricity Department
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11-kilovolt distribution networks.?
2 See Journal of The Institutton of Elecirical Engineers,

Part II, v. 92, n. 28; August, 1945: n. 30; December, 1945:
and v. 94 n. 37 February, 1947,

Serving

initially some 90 sub-stations, the supervisory
system was required to cater ultimately for over
600 stations, and since it was manifestly im-
possible to employ the conventional individual-
panel system in which each sub-station has its
own mimic panel in the control station, it was
decided to design a simple control and indication
panel to be common to all stations, but which
could be switched as required to any sub-station.
This revolutionary approach meant, of course
that only one station could be controlled at any
given time, but this limitation was accepted on
the grounds that rarely, if ever, is it necessary to
effect controls s1multaneously at more than one
station.

Although the needs of a city distribution
system differ in many respects from those of an
electric traction system, the basic switching

problems are similar and involve kindred tech-

niques for their solution so that the common-
diagram system in altered guise provides a ready
solution to this related but different problem in
remote power-gear switching.

The relationship between the main items of
equipment that together constitute a typical
supervisory system of the individual-panel type
and of the common-equipment type, is shown in
Figure 3. In the former, stations are shown group
served by common code transmitting and receiv-
ing apparatus TR and provided each with its
own control panel, 4, B, C, etc., which mounts
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control and indication of each item of switchgear.
Thus, whenever a switchgear unit is added at a
station or a new station is connected, a major
alteration at the control centre becomes neces-
sary. Also, with a scheme comprising many
remote stations, the space required for control-
room panels constitutes an important con-
sideration even with the high degree of mini-
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telephone-type equipment.

For a similar network, the common-equipment
system requires only one set of code transmitting
and receiving equipment 7R and one master
control and indication panel. This panel is
designed to cater for any station, even the
largest, and means are provided to switch it and
its set of equipment to any station as required
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installed serves for any number of remote sta-
tions, the only changes necessary at the control
centre when remote stations are added concern
the decoders D which, among other things,

control the lamps identifying the calling stations.

INDIVIDUAL PANEL SYSTEM
STATlowoups

r

REMOQTE

R

of e
simultaneously, may deal with two remote
stations. A schematic diagram of the common-
equipment system as designed for the Liverpool
Street—Shenfield scheme is shown in Figure 4.
Furthermore, railway engineers are agreed
that an illuminated mimic diagram giving the
up-to-date information of the system switching
is most desirable. In this arrangement the

o _at P

information master

position received on the
control panels is manually transferred to the
mimic diagram by the centrally located diagram-
dressing keys on the designation panel. In fact
the diagram may be regarded as an illuminated
log-book and the diagram-dressing keys special
tools for making entries as and when information

is received.

2. General Arrangement of System

The capacity limit set to the control equip-
ment of a common-equipment system is deter-
mined mainly by the number of remote stations
that can be conveniently handled from a point
served by two operators, and although this
number must be to
some extent a matter
of experience and con-

COMMON EQUIPMENT SYSTEM
STATIONAGROUPS

N
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of previous installa~
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°] ! /STATlONs\ ; " limit lies somewhere
Y- F c F J between 30 and 40,
I I | | l Since, for the network
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Figure 3—Comparison of the individual-panel and common-equipment
systems. Each station group is on a party pilot circuit.

Thus changes at a later date do not materially
affect the normal working of the system.

For railway work, where speed in dealing with
emergencies is essent1al, it is considered desirable
to use duplicate master panels and associated sets

- ] agreed that the ca-
E’l '“'L' 5 E ] [ MIMIG GOMMON pacity of the common
LIl I CONTROL PANELS | Panet equipment be 36 sub-

stations, thus allowing
three spare positions.
It was also agreed that
although the equip-
ment was needed to
control initially only 11 remote stations—six

dm d D s FRpsgp, |

rectifier sub-stations, four track-sectioning
cabins, and one power-supply distribution
sub-station—the control-station apparatus

should be fully equipped to its ultlmate ca-
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pacity so that the minimum amount of work
would be needed to bring other sub-stations
under control at a later date.

The control room is adjacent to Chadwell
Heath Station—roughly midway between Lon-

STATION GROUPS
E SE
1 i 1

STATION
1 [ @oscoms

MIMIC
DIAGRAM

MULTICORE
CABLING

DESIGNATION AND
DIAGRAM DRESSING PANEL

.).____J

ODE

¢
— TR TRANSMITTER
AND REGEIVER

MASTER MASTER
GONTROL CONTROL
PANEL PANEL

Figure 4—Schematic diagram of common-equipment
system.

don and Shenfield. It is a new building and is
specially designed as a control-station building
with the control room as the central feature and
not, as so often happens, a building designed
primarily for some other purpose, and converted
for use as a control station.

3. Pilot Network

Pilot cables, run on posts alongside the track,
connect into the various sub-stations and track-
sectioning cabins to provide omnibus or party-
line circuits for direct-current signalling. The
practical upper limit to the number of stations
served by each of these circuits is set at six, and
a total of eight such circuits, four to the east of
the control station and four to the west, amply
satisfies. present and known future needs. The
disposition of these circuits and the stations
initially connected thereto is indicated in Figure
2. In general no two adjacent sub-stations are
served by the same pilot circuit, thus enabling
the traction services to be maintained in the
event of one pilot circuit becoming unserviceable.
Each pilot circuit consists of two pairs of con-
ductors (one working and one standby) for the
transmission of control and indication signals
and telephony. Four pilot pairs are provided for

March 1951 ¢ ELECTRICAL COMMUNICATION

telemetering, two pairs being common bus wires
to all stations west of the control station and two
being common to all the stations east.

A constant line-proving current is applied to
each pilot circuit and, in the event of the line
characteristics changing beyond predetermined
limits, an audible and visual alarm is given on the
control desk. The pilot circuit can be switched
from the working pair to the standby pair
throughout its length by a simple operation from
the desk. Stations are readily identified with
their pilot circuit by colour code carried on each
station connect key escutcheon, and each pilot
selection key.

Full protection is afforded to the operators
and equipment against induced voltages due to
possible surge conditions on the 33-kilovolt

Figure 5—Control station pilot-line protection cubicle.



supply and/or any other power fault that may
cause pilot-line potential to rise to a dangerous
level. Gas-discharge tubes, fuses, and carbon-
block protectors are fitted at all station pilot-line
terminations. The protection equipments include
line transformers that ensure that the discharge
to earth of induced voltages occurs simul-
taneously on both legs of a line pair. Figure 5
shows the line protection equipment in its
cubicle at the control station.

The control-circuit cables consist of high-
conductivity copper conductors weighing 40
pounds per mile (11-2 kilograms per kilometer),
paper-insulated, the whole lead covered and
steel-wire armoured. Because of the likely ex-
tension of circuits in these cables to more distant
stations in the future, the precaution has been
taken at this stage of providing suitable loading
coils at approximately 2000-yard (1829-metre)
intervals. A loading-coil unit jointed into the
cable is illustrated in Figure 6. This also shows
.the relation of the supervisory control pilot cable
to the adjacent feeder protection cable and to the
33-kilovolt station supply cable.

4. Operational Requirements

For the effective and comprehensive control of
this network the following requirements have
been met:—

A. Control and indication of alternating-current feeder
breakers; alternating-current and direct-current rectifier

2

breakers; track-feeder breakers; and transformer on-load
tap-change:equipment.

B. Control—Breakers in selected groups.

C. Telemeter—Selection of rectifier load (0-6000 direct-
current amperes per unit); sub-station direct-current
busbar volts (1500); and extra-high-tension supply voltage
at Crosswall.

D. Miscellaneous—Alarm annunciation; batteries-supply
failure alarm; pilot-line switching; continuous pilot-line
proving; and interlock on control operations.

E. Selective telephony.

F. Access for routine testing at all locations.

Figure 7—Plan of the control room at Chadwell Heath.
D—designation and diagram-dressing panel, E—central
meter indication panels, G—mimic diagram, M—master
control panels, T—telephone switchboards, W—operators’
writing positions, and X-—miscellaneous services panel.

5. Control-Room Equipment

On page 3 is a general view of Chadwell Heath
control room and Figure 7 shows its plan. These
show the 22-foot-long, curved, walnut-veneered,
desk- and wall-type diagram housed centrally in
the spacious well-lit room. It will be seen that
considerable attention has been paid to the
external appearance of the equipment and that,
in order to promote operational efficiency, the
control keys and indicators are arranged within
easy reach of the operators and permit of com-
fortable movements on their part.

Figure 8 shows the central part of the control
desk in greater detail. The diagram-dressing or
designation panel is in the centre and is flanked
by the duplicate master panels from which all
operations are conducted. It will be seen that the

Figure 6—Pilot cables showing a loading-coil joint.
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Figure 8—Explanatory close-up
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Figure 9—Part of the mimic diagram.

designation panel is composed of strips, one per
station, and that only those for the 11 remote
stations at present in service are equipped; the
remainder will be equipped with the appropriate
apparatus as and when the stations concerned
are connected to the system. Each strip has a
row of plunger-type dressing keys, a row of jacks,
and a single rotary-type three-position station-
connect key. The dressing keys, one for each
controlled breaker, are for dressing the diagram
and control the diagram lamp indicators. The
station-connect keys connect either the left- or
right-hand master panel to the station concerned,
according as the key is thrown to the left or
right. The jacks are part of the special safety
circuit provided to prevent the remote operation
of a breaker while a “‘permit to work” is in force.
Normally each jack holds a short jack plug, but
if this is withdrawn and replaced by a longer one,
then the appropriate breaker-select key on the
master panel is automatically made inoperative

10

for the station concerned until the long jack plug
is removed. For ease of identification the long
jack plugs have red caps and the short ones
green, and the operator can therefore tell, by a
glance at the designation panel, if a permit to
work is in force for any part of the system. Be-
hind, on a horizontal strip, are miscellaneous
details, viz., pilot-line selection keys, miscellane-
ous alarms facia, and keys for local-battery
control.

The sloping panels to the back of the desk,
and separated therefrom by a trough to mini-
mize the desk height whilst permitting an opti-
mum view of the panels, hold the meters and
indication facias for the telemetering system (to
be described later). In front of each operator is a
telephone switchboard with full facilities for
rapid communication with all parts of the net-
work and with connections to outside lines.
Behind the desk stands the self-supporting wall-
type diagram which shows in mimic outline the
extra-high-tension distribution and track circuits
of the present network, each circuit-breaker
being indicated by a single-aspect two- or three-
colour light indicator and interconnections by
painted lines. The diagram has not been pre-
viously mentioned as a part of the common-
equipment system since it is not essential to the
operation of the system. The function of the
diagram is to display a current record of the
condition of all circuit-breakers in the network,
arecord that cannot be maintained by the master
panels since these are common to all stations and
are switched as required from station to station.
The breaker position indications, i.e., open,
closed, locked out, as received at the master
panels are manually transferred, by means of the
dressing keys on the designation panel, to the
mimic diagram. A section of the mimic diagram
is shown in Figure 9.

As briefly stated earlier, full facilities are
available at each master panel for the complete
operation of the system and all indications of
breaker positions are received thereon. Figure 10
is a detailed picture of the right-hand master
panel; the left hand is identical. Although this
panel is common to all remote stations in the
network, when it is connected to any one it
assumes for the moment that station’s identity,
a relatively simple achievement, because of the
similarity of switchgear arrangement existing

ELECTRICAL COMMUNICATION -+ March 1951



between the various
sub-stations of a trac-
tion network.

Figure 10 shows the
vertical row of SELECT
keys (with adjacent
PILOT lamps) in. two
groups, A-0 and P-
CC, the former for
alternating-current
breakersand thelatter
for direct-current
track-feeder breakers.
The letters 4 to Z to
CC engraved on the
key heads serve to
identify each key with
its breaker indicator
on the mimic diagram
(the appropriate letter
is signwritten against
each indicator), and
hence with its cor-
responding actual
breaker at the remote
station. Breaker posi-
tions are indicated on
the row of lamp
signals on the left of
the panel, each of
which shows rED for
closed or GREEN for
tripped, when posi-
tion-indication signals
are returned from the
distant station under
control. Feor direct-
current track-feeder
breakers, in addition
to the individual
SELECT keys, there
are four GROUP-CON-
TROL keys which,
when operated, initi-
ate a special code to
select and operate a
group of breakers as
signified by the sign-
written bracket.

March 1951 * ELECTRICAL COMMUNICATION

Figure 10—Close-up of master panel on desk showing the vertical row of select keys
with the adjacent pilot lamps.
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BELL CUT-OFF, RE-SET, CHECK, and COMMON
OPERATE keys, each incorporating its own PILOT
lamp, are grouped on the lower right of the panel
together with the TELEP
keys. Transformer-tap position and sub-station

above the METER-

HONE and METER RE-SET

alarm-indication facias are

SELECTION keys.

Figure 11—General view of control-station apparatus room.

The foregoing description should be read in
conjunction with Figures 8 and 10 when an
understanding of the operational features should
be apparent but perhaps this may be clarified
by a brief description of a typical operation, e.g.,
to close Chadwell Heath direct-current breaker
number 23, which is shown tripped in the mimic
diagram inset of Figure 8.

The operation sequence is as under, and the
notes refer to means of identification, which
become automatic to operators in a very short
space of time.

Operation—Turn Chadwell Heath STATION-CON-
NECT key to right (to engage right-hand master
panel).

Effect—STATION-CONNECT KEY lamp and SYSTEM-
ENGAGED lamp on master panel glow steadily.
Noies—Identified by engraved
STATION-CONNECT key head. Master

connected preparatory to sionalling
VVVVVVVVVV epa; signalling

jegend on
panel is now

Heath sub—statlon equipment,

flickers.

12

Effect—Check code transmitted; position-indica-
tion signals returned; breaker indication lamps
glow (RED—closed, GREEN—tripped) SYSTEM-
CHECK

PR |
ENGAGED, ana

tinguished.
Notes—Received indications are now visually
checked "against those on mimic diagram by

onerator and anv d
Ul.}\/laL\.IL CLILIVL Quil L

of dressing keys.

Operation—Press SELECT key Q until associated
pilot lamp flickers.

Eﬁert—Lamps in the common-control keys, viz.,
RE-SET keys glow indicative of

-y 4

P
1di SLep.

Q associated with cuH23 on diagram (Flgure 8),
(R\ SELECT Lrpv g—black head on same horizontal

row as dressmg key cu23. Breaker is now ready
for closing.

Operation—Twist CLOSE key until insert lamp is

extin nrnlshp

CAUIIE Wasiac

=

Effect—SYSTEM-ENGAGED lamp flashes; close

o = lamna nv+. notig

shed -
Nguisnea;

LUdC (81 allbllllLLCd, llldlbdl.lull lalllP ALl
position indication signals returned; indication
lamps re-lit showing new (closed) position.

BATTERY

ROOM D ROOM

Figure 12—Plan of control-station battery
and apparatus rooms,

Onaration
A g H\JL “vivasr

designation panel.

Effeci—Green lamp in breaker indicator 23 on

mimic diagram extinguished and red lamp lit.
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Figure 13—Cubicle housing apparatus for
right-hand master panel.

Notes—Mimic diagram indications now agree
with actual breaker positions.

N s § 5 IR
Operation—Restore

CONNECT key to its central position.

Clhadwral
1

1 an
LiiaGwen 1nica

Effeci—CONNECT lamp and all indication la
on master panel are now extinguished.

Notes—System is now restored to normal and
free for any other operation.

6. Control-Station Apparatus

All the apparatus for the complete functioning
of the system is contained in the apparatus

whence multi-core telephone-type cables

room whence multi-co ephone-type cables
connect to the desk in the control room. A general
view of this room is seen in Figure 11 and a plan

in Figure 12. With the exception of that for
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ry'-cflargfng‘ and line protection, all equip-

FIp oy iy

L€1EPIOT

PAVEp

A
stanaara

ad
mouiited on

ne-type
-in panels as used in automatic-switching
ﬁlephn 1e ine
seam-welded double-door dust—proof cubicles
arranged for bottom entry of cables.

Equipment associated with the right-hand
master panel is shown in Figure 13. Individual
dust-covers have been removed to show details
of some of the ]ack -in panels. A similar cubicle

D..

exchanges. These are contain in

of equipment is co

and the two sets th en fee
- e e

|

aratus cubicle in Figure 14.

(=N

nto the common
us cubicle in Figure 1

A unique feature of this system is the test
cubicle that contains a complete set of remote-
station jack-in panels, available for rapid re-
placement when necessary. This cubicle also

Figure 14—Control-station common-apparatus cubicle.
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mounts test panels and associated apparatus on
which all control operations can be simulated
without interfering with the main equipment
and by means of which a repaired sub-station
- panel can be thoroughly checked functionally
before return to its former location. The cubicles
are finished outside in glossy grey stoved enamel.
Cubicle interiors are finished in a lighter colour.
The equipment, which operates at 50 direct-
current volts, is fed by a 24-cell 75-ampere-hour
lead—acid battery located, together with the
telephone speech and ringing batteries, in a
separate room next to the apparatus room. The
batteries are maintained in condition by the
SenTerCel selenium-rectifier automatic battery
chargers housed in a common cubicle in the

annaratiie room QY\A C]’\ﬂ‘XYﬂ m FIU11FP 1;
Tus LUV aria v iy L igu

1T 1V,

7. Sub-Station Equipment

The Shenfield sub-station supervisory ap-
paratus cubicle, finished glossy black to match
the suite of switchgear equipment, is shown in
Figure 16. Features of note are the special isolat-
ing terminal links with studs for terminating
the 3/036 vulcanised indiarubber cables con-
necting the various switchgear units; and the
right-hand portion of the cubicle housing the
telemetering jack-in panels (temporarily re-
moved) and above, the power pack supplying
the telemetering apparatus.

8. Signalling

Signalling to and from the control station is
by means of trains of impulses representing num-
bers and is analogous to that used in automatic
telephone switching. All codes are generated at
speeds of 10 impulses per second by code senders
that transmit at a closely controlled speed and
make/break ratio and, with the relative fixed line
conditions obtaining between stations, this gives
a degree of stability and reliability not normally
encountered on telephone switching systems
where many variables such as dial speed and
ratio, line resistance, and leakage may be en-
countered.

The signals from the control station to the
party-line system consist of a station code and a
function code and only the particular station
identified by the former continues in operation
until it responds. to the latter.

14

The signals to the control station consist of a
station identification signal followed by a train
of impulses giving position indication of all the
constituent units, viz., breakers, alarms, trans-
former-tap positions, etc.

Throughout, the coding scheme incorporates
the constant-total checking system by which the
equipment is safe-guarded and performs only the
function required. Where a number of stations
has access to a continuous party line for signal-
ling in both directions, due precautions are taken
against any possibility of double connection.
Changes occurring simultaneously at stations on
a party line are stored and then transmitted one
after the other in turn.

On the common-equipment system the com-

information concerning a nosition change

C A0 INAI0N COLNCIINLE PUsl aallse

at a distant sub-station cannot be transmitted

nlet
plet

Figure 15—Cubicle for automatic battery chargers.
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until the master panel is prepared for its recep-
tion. The fact that a change has occurred is
notified at the control station (visually and
audibly) as a station alarm from the originating
station and this is stored until the operator at-
tends to it and prepares the master control panel
accordingly. A check signal then to the distant
station results in the complete latest information
from it being displayed on the master panel.

As thus described, the time required for the
display of the new information is longer than
with the individual-panel system where indica-
tion devices are always available for every remote
unit on the system. Experience shows, however,
that on metropolitan suburban lines with dense
traffic and where speed is essential, the system
provides information as fast as can be dealt with
by competent operators and with the advantage
that the operator may select his information and
is not confronted, and possibly confused, by a
number of almost simultaneous breaker changes
and alarms, as might well happen in times of
network disturbance.

9. Metering System

On the Liverpool Street—Shenfield line, provi-
sion is made for comprehensive remote metering
covering the loading of individual rectifiers
(2000-kilowatt capacity) and readings of direct-
current busbar voltage at each station.

For this purpose the Stendard impulse-modu-
lated electronic telemetering system (I.M.T.),
representing what is claimed to be the most up-
to-date technique in this field, has been em-
ployed as satisfying fully the essential demands
of readings continuously responsive to the load
and voltage changes peculiar to a traction
system. The main problems in providing a
suitable system are encountered in deriving
current and voltage readings from high-voltage
direct-current circuits and converting them into
quantities suitable for transmission over light-
current pilot circuits without their being affected
by normal variations in line characteristics, and
insulating the equipment from the direct-current
source. An ideal medium for this purpose is a
pulse-rate system, such as the impulse-modulated
telemetering system, which readily and accur-
ately measures quantities, provided they can be
converted into a simple impulse rate proportional
to the quantity being measured.
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This system was originally produced to
indicate at a distance readings derived from
prime-source meters fitted with impulsing con-
tacts as typified by the well-known integrating
watt-hour meters in widespread use on power

Figure 16—Sub-station supervisory cubicle.

transmission and distribution systems. Where
such impulsing meters are not provided at the
source or where readings of, say, amperes and
voltage not normally requiring such meters are
concerned, the quantity to be measured must
first of all be converted into impulses by other
means ready for transmission to the distant
indicating centre.

The complete conversion from source to final
reading is therefore in two stages, viz., source to
impulse rate at the distant sub-station and
impulse rate to meter reading for display at the
control room.

It would be as well here to explain the basic
principles of the system (see Figure 17).
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The telemeter consists essentially of an ar-
rangement in which two. opposing currents are
balanced, namely (4) the average current due
to a fixed capacitor charge for each operation
of the impulse receiving relay IR and (B) a
steady current obtained from the circuit of the

IR

Figure 17—Basic circuit of impulse-modulated
electronic telemeter.

indicating meter. Contact IR, on a relay sersi-
tive to the incoming impulses from the distant
station, charges capacitor C4 and discharges it
into reservoir capacitor CB connected across
amplifier I. The latter has considerable gain and
builds up a .positive output potential whilst
maintaining its input potential at a nearly
constant value. This ensures that CA delivers
always the same quantity of charge so that the
average input current depends upon the fre-
quency of operation of contact IR. The output
voltage of amplifier 1 is applied through a
smoothing circuit SK to amplifier 2, a cathode
follower, which in turn feeds the average
potential to the indicating meter circuit. Part of
the output is also fed back to the input via
resistance FB to neutralize the input due to IR.
Therefore, for any particular contact rate the

R

SR (2)%\.._._

Figure 18—Telemeter sender circuit.
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system will establish a balance when the current
in the meter circuit is proportional to the contact
rate. The saw-tooth effect of the capacitor
charge is eliminated in the smoothing circuit,
whose ‘time constant is arranged to give a high
degree of smoothing combined with a rapid
response to changes in input.
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The following summarizes the technical fea-
tures of the telemeter.

9.1 INDICATING INSTRUMENT

The telemeter gives an output of 5 milliam-
peres, direct current, at 50 volts, and any
instrument of 5-milliampere full-scale deflection
may be used as an indicator. If required, a
number of instruments may be connected in
series. '

9.2 ACCURACY

* The system has an accuracy of 1 per cent of
full scale. The calibration is linear, the output
current being directly proportional to the in-
coming impulse rate.

9.3 RESPONSE

The system operates at a nominal full-scale
rate of 20 impulses per second. A sudden change,

A B BUS BAR

LA A ALY

C

SUPPLY %

Figure 19—Saturable-reactor coupling for
direct-current amperes.

TO TELEMETER
SENDER

say from zero to full load, will be indicated fully
in 2 seconds, the response being sufficiently rapid
to follow load fluctuations normally occurring
on traction systems. The indicating meter reads
zero when disconnected, vibrates at zero when
receiving a zero reading correctly and is driven
off scale in the event of system failure. This
obviates ambiguity between true and false zeros.

9.4 SuB-STATION TELEMETERING EQUIPMENT

The relatively fast impulse rate referred to
cannot be derived from an integrating meter
and so a telemeter sender circuit has been
developed to translate the quantities metered
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Figure 20—Toroid control winding mounted
on 1500-volt direct-current busbar.

into terms of impulses per second. The circuit is
shown in Figure 18.

A voltage proportional to the quantity to be
metered is applied to resistor RC and the result-
ing current into amplifier
1 is balanced by causing
relay SR to impulse at a
suitable rate. This circuit
operates effectively as a re-
verse telemeter. In this
case the applied voltage
results in capacitor CB
charging steadily, the volt-
age developed across it
being applied to amplifier
2 which unblocks the oscil-
lator MV at a pre-deter-
mined level. The oscillator
delivers one impulse that
operates relay SR and ap-
plies an opposing charge to
capacitor CB from capaci-
tor CA. This reduces the
potential across capacitor
CB and causes amplifier 2
to block the oscillator. This
process continues at a rate

ELECTRICAL

COMMUNICATION
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Figure 21-—Saturable-reactor parts; at
right—toroid windings, below, left—conver-
_sion unit, and right—supply transformer.

determined by, and proportional to, the input
voltage. For each operation of relay SR an im-
pulse is fed to the line via contact SR (2).

9.5 CoupLING TO DirecT-CUrRrRENT CIRCUIT

The telemeter sender must be operated from
a voltage source sufficient to swamp variations
at the input of amplifier 1. As these variations
are of the order of 0-5 volt, the applied voltage
should be no less than, say, 50 volts. This may
best be obtained by means of saturable reactors.
An arrangement suitable Yor direct-current
amperes is shown in Figure 19. The feeder is
taken through two toroid windings, 4 and B.
thus simulating a single-turn control winding.
The coils are fed from an alternating-current
supply and are so connected that the direct
current flowing in the control windings causes the
alternating-current to vary in direct proportion.
This current is rectified and provides a direct-
current voltage directly proportional to the
feeder current except for a small zero error of
less than 1 per cent.

A coil designed with a current rating of 6000
amperes is shown in Figure 20 mounted on a
rectifier positive busbar. The three essential
units required at the source are shown in Figure

ne
MRRENT TRAMSORMER
VOLTAGE AT
w04 (3%
:ﬁ; il
RREYY TeE
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21 and can readily be identified by reference to
the schematic in Figure 19. A similar arrange-
ment shown in Figure 22 is used for measuring
busbar voltage, and this use of transformer
coupling provides a means of isolating the sender

BUS BAR

TO
‘ i TELEMETER
)
Hg SENDER
20000 -

l SUPPLY '

Figure 22—Saturable-reactor coupling for
direct-current voltage.

equipment from direct connection to the power
- circuits; the relatively high voltages of the
traction system are therefore not brought into
the telemetering cubicles, thus obviating the need
for interlocking safety switches. The saturable
reactors can provide adequate output for local
metering and contrast favourably with shunts
and potentiometers heretofore used for this
purpose in that they effectively isolate the
metering from the power circuits.

9.6 METER SWITCHING FACILITIES

The general arrangement of selective meter
switching in relation to the control desk, the
remote station, and the metering network can be
followed by reference to Figure 23. In all, a

maximum of four readings selected individually
can be displayed on the desk, two each on the
east and west networks respectively. Meter
display facias which indicate to the operator the
source of each reading are mounted alongside
each indicating meter.

Supply intake from the National Grid at
Chadwell Heath (33 kilovolts) is metered via a
direct-wire system to a meter on the control
desk and that at Crosswall metered via the tele-
metering system. The tap-change equipments of
the two supply intake transformers 22/33 kilo-
volts at Crosswall are controlled and indicated on
the master panels.

10. Other Installations

The common-equipment system has been re-
cently installed on railway networks in Britain
and New Zealand and these notes outline special
facilities. On the Euston-Watford line, over part
of which, incidentally, the London Transport
Executive’s Bakerloo trains work, centralized
control was introduced with the conversion from
rotary converters to mercury-arc rectifiers.
Three of the 17 unattended sub-stations are much
larger than the others and, for convenience, have
been divided and each considered as two from
the controller’s point of view. These divided sub-
stations are equipped with two standard remote-
station apparatus cubicles and thus all 20 remote-
station cubicles have been made to the same
standard size and capacity. The control desk and
diagram are shown in Figure 24.

The equipment being manufactured for Tyne-
side Lines (Figure 25) includes special pilot-line
switching facilities to cater for the circular route
on this network. The substations are connected

Figure 23—Schematic draw- cw [FuTuRE |[voLTs
ing of general arrangement of BG " AMPS
metering system. Four readings AM
g 5y . & EAST WEST s | * 4
can be shown on desk simultane- METER AMPS
TELE- FAGIAS TELE- . 3
ously. METERS— \ METERS FUTURE] ° AP
/ " " 2MPS
5
/7 / / / . " “ AMPS
I 6
BUS BARVOLTS BUS BARVOLTS
REGT. I AMPS RECT.1 AMPS
| T METER 7w .
3w |, SELEGTION 3 e
4 v CIRCUITS I T
" 5 " " 5 n
" 6 " 1 6 " s
P METERING NETWORK METERING NETWORK —>
CONTROL STATION g
SUB-STATION SUB-STATION
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Figure 24—Stonebridge Park control room on the Euston-Watford line.

Figure 25—View of desk and diagram for
the Tyneside Lines in course of manufacture.
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virtually on a ring main, normally open near the
most distant sub-station, but with facilities for
closing up there and opening the ring at any
other part should damage to the pilot cables
make this temporary expedient necessary.

The Liverpool-Southport line was also recently
converted to operate from mercury-arc rectifiers.
On the desk at Hall Road control room (Figure
26) the mimic diagram is in two parts, one show-
ing the alternating-current distribution system
and the other the direct-current track system.

For the Hutt Valley scheme in New Zealand
the pilot wires used for signalling also serve for
the telemetering facilities- where the impulse-
modulated telemetering system is employed.
The metering impulses between sub-station and
control modulate a 750-cycle-per-second carrier
frequency which is superimposed on the direct-
current signalling circuits. The mimic diagram in
this installation is so miniaturized that it is easily
mounted on the control desk, which is shown in
the course of manufacture in Figure 27.

Figure 27—Hutt Valley desk being as-
sembled. Mimic diagram is part of desk.




Styrene Joints and Terminations*

By E. C. LEE and K. KONSTANTINOWSKY
Standard Telephones and Cables, Limited; London, England

TYRENE JOINTS and terminations were
introduced many years ago as barriers
against the migration of compound in

cables. The original processes for making such
joints were elaborate and involved lengthy
heating on site. Modern methods have eliminated
these disadvantages and are easy to carry out.
They permit the use of styrene joints and term-
inations throughout a system, thus offering many
advantages over conventional designs with little
or no increase of cost. Practical experience with
solid-type cables up to 66 kilovolts is good.

1. High-Voltage Cable Operating Conditions

The performance of high-voltage solid-type-
cable systems is influenced by several factors in-
cluding conditions of loading, conditions of lay-
ing, e.g., gradients, and by the design of joints.
Loading results in permanent distension of the
lead sheath owing to the differing coefficients of
expansion of the constituent materials, oil being
of particular importance in this respect, as will
be seen from Table 1.

Some distension is produced by flexing of the
cable during manufacture and laying, and the
overall effect of distension is a change in the
longitudinal fluid resistance of the cable (see
Table 2) and the creation of sub-atmospheric
pressures during periods of light or no load.

2. Migration of Compound

A modern high-voltage solid-type cable can
operate successfully under these low-pressure
conditions, but if the process becomes cumula-
tive, serious damage to the lead sheath may
result. Such an effect is caused by the flow of
compound from the joints to relieve the low
pressures existing in the cable, or by the migra-
tion of compound from a high to a lower level. It
is usual to limit the static head to a value of

* Presented at the Conférence Internationale des Grands

Réseaux Electrique 4 Haute Tension, Paris, France, on
July 5, 1950.
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between 40 and 80 feet by means of barrier joints,
but it was frequently found that the introduction
of a mechanical diaphragm type of barrier joint
increased rather than reduced the risk of damage.
The reason was that this type of joint, being
unscreened, had to be kept filled with com-
pound; and since there was always a tendency
for compound to drain into the low-pressure
side, frequent inspections and addition of com-
pound were necessary. The cumulative effect of
the additional compound in the cable resulted in
numerous failures from split lead sheaths at the
lower end. The time required to produce these
damaging effects was sometimes as short as four
years. '

Although compound migration is accelerated
by severe gradients and by the installation of

"TABLE 1

CoOEFFICIENT OF LINEAR EXPANSION °
Per Degree Centigrade

Material X105
Copper 1-7
Impregnated Paper* 0-5
Qil ) 25
Lead 3

* A. Walraff, “Uber die Warmeausdehnung von Isolier-
papier’” (Thermal Expansion of Insulating Paper), Archiy
fiir Elektrotechnik, v. 37, pp. 458-462; September, 1943.

TABLE 2

FLuiD RESISTANCE PER CENTIMETRE

In Centimetre-Gram-Second Units for a 0-2-Square-Inch
Single-Core Cable Having 0-57-Inch Radial Insulation

Conductor 12 000
Dielectric Only 1200

Total 1 100
Total with Loose Sheath 150

fluid-compound-filled barrier joints, the effects
are by no means negligible on comparatively flat
cable routes, when fluid-compound-filled non-
barrier joints are installed.! Numerous cases have

1C. J. Armstrong and C. T. W. Sutton, “Behaviour of
High-Voltage Solid-Type Cable Accessories,” Journal of

The Institution of Elecirical Engineers, Part 2, v. 95, pp.
523-533; October, 1948.
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been cited where serious drainage from joints has
resulted in collapsed and split joint sleeves and
burst lead sheaths. The time factor under these
less severe conditions is usually longer and is un-
doubtedly influenced by the shape of ‘the load
cycle and the maximum temperature.

The authors are of the opinion that migration
along the layers of the dielectric is extremely
slow. The conductor path may be of some impor-
tance for large cross sections since it is at the
highest temperature, and the worming spaces
may be of importance because of their low space
factor. The path of lowest resistance is that be-
tween the insulated core or cores and the lead
sheath, and if this path can be kept small by
limiting the sheath expansion, then it is believed
the time factor associated with migration will be
so large as to be of little practical importance.
These conditions can be achieved by the use of
joints that contain no fluid compound, and which
ensure a barrier in both the strand and the
dielectric paths. Preferably, these joints should
be installed between each cable length. In such an
installation the lead sheath will distend to a
maximum value when application of full load
current corresponds with the maximum ambient
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Figure 1—Power factor plotted against temperature for
grade-G styrenated and lacquered 3-5-mil cable paper at
600 volts and 50 cycles per second.

temperature. Once this condition has been ful-
filled there will be no tendency for further dis-
tension since additional compound is not avail-
able to flow into the cable, and the paper dielec-
tric and the wormings tend to retain their
impregnant.
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Figure 2—Power-factor changes as a result of exposure
of jointing tapes to a relative humidity between 54 and 35
per cent and at 600 volts at 50 cycles per second. 1—Sty-
renated 3-5-mil low-density grade-G paper stressed at 18-2
kilovolts per centimetre. 2—Styrenated 5-mil high-density
grade-B paper stressed at 33-7 kilovolts per centimetre.
3—Resin-oil-compound-impregnated 3-5-mil low-density
grade-G paper stressed at 337 kilovolts per centimetre.
4—Resin-oil-compound-impregnated 5-mil high-density
grade-B:paper stressed at:21 -5 kilovolts per centimetre.

Two layers of tape with their faces adhered to each other
were tested. Samples of 1 and 2 separated during the con-
ditioning and thus exposed four surfaces instead of two.

3. Styrene Barrier Joints

An early attempt to design a barrier joint with
the required characteristics, using styrene, was
described before this Conference in 1935.2% The
developments that have been made since that
date will be described.

Monomeric styrene, the basic material of these
joints and terminations, is a clear mobile liquid
boiling at 146 degrees centigrade, and is a good
solvent for cable-impregnating compound. It
polymerises in time, changing from the liquid to

2 T. R. Scott and J. K. Webb, Report 209 of the Con-
férence Internationale des Grands Réseaux Electrique &
Haute Tension, 1935.

3T. R. Scott and J. K. Webb, “The Application of
Styrene tojH. T. Cable Systems,” Electrical Communica-
tion, v. 16, pp. 174-179; October, 1937: pp. 276-284;
January, 1938: v. 17, pp. 88-95; July, 1938; and v. 19,
pp. 108-117; October, 1940.
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the solid phase called polystyrene, even at ordi-
nary temperatures. Polystyrene is not dissolved
or otherwise attacked by cable compounds but
dissolves easily in monostyrene. The formation
of polystyrene may be retarded by the addition of
certain inhibitors so that the liquid monomer may
be stored for long periods; alternatively it can be
accelerated by subjection to higher temperatures.

The original styrene barrier joints made use of
the solvent properties of monomeric styrene to
remove oil from a cable, and the subsequent ap-
plication of heat converted this monomer to the
insoluble polymer, thus forming a barrier to the
oil. Although the original joints made by this
method were satisfactory—joints made in 1934
are still in operation on 66-kilovolt systems—the
long process time and the complications associ-
ated with the heating were disadvantages; efforts
were therefore directed towards the development
of a cold process.

Another objection to polymerisation <n situ
was the contraction (of the order of 15 per cent)
that occurs during polymerisation, although in
practice the voids so formed were sufficiently
well distributed as not to affect the electrical
properties of the joints.

Paper impregnated with polystyrene, referred
to as styrenated paper, is the basis of the present
high-voltage joints and terminations, and its
development has led to the present cold process.

It was found that by using suitable plasticisers
paper could be impregnated with monomeric
styrene, polymerised in bulk, and subsequently
unwound. The plasticiser is necessary to give
flexibility to the paper in addition to facilitating
the final unrolling.

To bond the styrenated jointing tapes without
recourse to heating, a film of plasticised poly-
styrene lacquer is added to one side of the paper.
The final product shows excellent electrical
characteristics as may be noted from Figure 1.

Styrenated paper will gradually absorb mois-
ture as is shown in Figure 2 and the paper is
therefore stored in sealed containers with a
silica-gel capsule. Tests of joints made under
abnormal conditions show that the effect of
moisture absorption is not important for applica-
tions at least up to 33 kilovolts.

The method of application to be described
applies to a 33-kilovolt joint for a 3-core shielded
cable, as shown in Figure 3.
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FILLED WITH BITUMENQOUS
COMPOUND

VENT NOZZLE

SPACERS\

STYRENATED PAPER INSULATION

FILLING NOZZLE

SLEEVE FILLED WITH STYRENATED
COMPOUND

COPPER SLEEVE

Figure 3—Styrene-barrier joint in a 33-kilovolt 3-core
cable. Overall dimension are 69% inches long by 7 inches
high by 9% inches wide (1775 by 178 by 235 millimetres).
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Figure 4—Assembly of conductor barrier ferrule
for single-core styrene joint.

3.1 O1. PaTHS

In a barrier joint there are three main oil paths
through which leakage may occur; the stranded
conductor, the insulation, and the spaces outside
the insulated conductors.

3.1.1 Conductor Path

To block the conductor path a tubular copper
connector is used which is of a diameter equal
to that of the strand, and which incorporates a
loose copper disc to ensure complete sealing at
one point, even if the tinning of the conductors is
imperfect (see Figure 4). The connector is made
flush with the strand to reduce the overall size
of the joint and to avoid stress distortion due to
change in diameter. Its use also eliminates the
awkward recess that would otherwise occur be-
tween the normal type of connector and the in-
sulation and which is not easily filled. Sufficient
length of strand is exposed to allow the con-
nector to be passed completely over one side,
thus avoiding the necessity of bending the core
to fit the ferrule.

3.1.2 Insulation Path

The cable insulation is tapered by tearing off
each layer against a wire wrapped around the

24

core. This method produces a
rough edge with projecting fibres
that will interlock with the ap-
plied styrenated-paper insula-
tion and improves the bond
between the two. The surfaces
of the tapers are wiped with
monomeric styrene to remove
the impregnant from the outer
layers of paper. Styrene cement
is then rubbed in to replace the
impregnant thus removed, and
a gradual change from the oil
in the cable to the styrene in the
applied insulation is achieved
with an effective bond at the
interface. ,

Papers are added after brush-
ing the previously applied paper
with monomeric styrene and
wrapping the next layer onto it with the film
surface inside. The process is easier to the jointer
than the application of oil-impregnated tapes,
since the process is cold and the tapes bond into
a hard solid mass onto which the next paper is
readily wrapped. It will be obvious that a change
will occur due to the polymerisation of the mono-
mer applied during the build-up, and this results
in an improvement in electrical characteristics as
is evident from Figure 5.

It is usual to apply an insulation thickness 10
per cent greater than that of the cable, and those
papers beyond the core diameter are extended to
form a gradual taper.
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Figure 5—Power-factor variation with voltage
stress before and after heat cycling.
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A perforated copper-tape screen is carried
over the insulated core, and the perforations
allow the subsequent filling material to bond
firmly to the styrenated paper insulation without
interfering with the continuity of the screen. The
small increase of diameter of the completed joint
ensures a minimum disturbance of the electro-
static field between conductor and screen.

Thus are the conductor and dielectric paths
blocked; after completion of the three cores it
only remains to seal the third, the external path.

3.1.3 External Path

A copper sleeve is used to envelop the joint, a
rigid sleeve being necessary to avoid the dis-

Wi

turn is displaced by the actual filling compound,
which is introduced by a small portable hydraulic
extruder fitted at the centre of the sleeve. The
monomer is led away through pipe connections
attached to orifices at the ends of the sleeves as
may be seen in Figure 6.

The compound is shipped in tins, which are
removed on site, and the slugs of compound
transferred to brass cartridges which are heated
in an oil bath to 180 degrees centigrade for at
least two hours prior to filling. Several of these
cartridges may be required to fill a joint, and
their replacement is facilitated by a bayonet con-
nection between the ram element and the base
of the extruder. On completion of filling, the drain
pipes are removed and compound flushed through

- SEe

Figure 6—A portable hydraulic extruder is used to fill the sleeve of a 33-kilovolt 3-core styrene joint.

tension that would result with a lead sleeve. It
can be shown that the forces due to the thermal
expansion of the component materials of the joint
do not exceed the elastic limit of the sleeve.
The sleeve is filled with a plasticised poly-
styrene compound too viscous to pour, even at
the highest temperature. The method used is
first to fill the heated joint sleeve completely
with monomeric styrene to displace air; this in
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until all traces of monomer have ceased. The end
orifices are then sealed, and pressure maintained
until the joint has cooled. ,

The process thus described results in a very
satisfactory filling, free from air inclusions, and
the compound bonds well to the sleeve and to
the cores. Any traces of monomer that do remain
diffuse into the surrounding polymer and be-
come completely polymerised in course of time.
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Figure 7—Styrene-barrier joint for 11-kilovolt 3-core
cable. The overall dimensions are 32% inches long by 6%
inches wide by 4% inches high (816 by 168 by 105 milli-
metres). Cross-section through centre is at lower left.
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4. Joints for Lower Voltages

The design of styrene joints for lower voltages
is very similar to that described, the main dif-
ference being the use of a styrenated-fabric tape
in place of styrenated paper for the replaced
dielectric. Unscreened joints have always been
used below 22 kilovolts so that the metal
spreaders used in the screened joints are replaced
by spreaders made of compressed styrenated
paper, thus preserving the homogeneity of the
insulation. This structure is shown in Figure 7.

5. Miscellany on Joints

Some form of outer protection is required when
joints are to be buried; a cast-iron box is usually
preferred. This box provides a sound mechanical
anchorage for the cable armour and, when finally
filled with bitumen, ensures a satisfactory anti-
corrosion protection for the joint sleeve. To avoid
reheating of the joint sleeve with the hot bitumen
the boxes for styrene jointsare designed to permit
filling of the joint sleeve through openings in the
lid, after the box has been partly filled with
bitumen. This method also conveniently heats
the sleeve prior to filling.

Other types of styrene joints such as those
connecting 3-core shielded cable to three single-
core cables (trifurcating joints), joints for 3-core
single-lead-sheathed cables and between them
and 3-core shielded types, or for single-core cables
are based on the same principles. Paper-to-
varnished-cambric joints have also been installed.

The small size of styrene joints is an advantage
and often simplifies installation, particularly in
multiple cable runs. Figure 8 shows the difference
in size between a styrene joint and a mechanical
barrier joint for the same size of cable.

Installations have been made for voltages up
to 66 kilovolts and satisfactory experience ex-
tends over a period of 16 years at these voltages.

6. Terminations

In addition to the problem of barrier joints
there is a considerable demand for barrier term-
inations. These are required to prevent loss of
cable compound from an end where a large dif-
ference in level exists near the termination,
particularly when the end is subjected to high
ambient temperature, or with cables of large
conductor cross section.
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Barrier terminations in transformer or switch-
gear cable boxes permit the use of transformer
or switchgear oil as a filling medium, and the
box may be piped to the main conservator
system.

Ratchetting effects have been observed where
a bitumenous filling compound has been used in
cable end boxes, and in one case on record,
fracture of the half-inch-thick cast-iron box
resulted.

6.1 STYRENATED-PAPER TUBES

Early attempts to apply the styrenated-paper-
tape technique to terminations were not entirely
successful, owing to the difficulty of making a
seal to the lead sheath, but it was soon discovered
that the styrenated paper in its initial form, i.e.,
without the lacquer film, could be wound under
heat and pressure to form tubes. These tubes,
which resemble the well-known phenol-formalde-
hyde-impregnated-paper product, have excellent
mechanical and electrical properties, and, when
fitted with metal end caps by a special process,
provide a solution to the barrier-termination
problem.

For voltages up to 11 kilovolts a plain tube
is used, and for higher voltages metal foils are
interwoven to provide capacitive grading as in
the condenser cone of Figures 9 and 10. The
bushes are made with the internal diameter
slightly larger than that of the cable core, which
is cleaned with monomeric styrene and lapped
with styrenated paper as for a joint. The built-up
paper is then coated with styrene cement and
the bush forced on to the core. A connector pre-
viously sweated to the conductor projects
through the outer end cap and is held by nuts, a
seal being provided by a neoprene O ring in a
groove. The other end of the bushing is wiped
to the cable sheath.

To ensure perfect filling on the high-voltage
terminations, a hole is drilled concentrically
through the connector, communicating with a
lateral hole inside the bushing, so that styrene
cement may be forced into the termination from
a plug in the sweating gland, thus forcing any air
out through the hole in the connector.

An extremely good bond is obtained between
the cable core and the applied insulation, and
between the latter and the styrenated paper tube,
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resulting in a solid homogeneous construction of
great permanence.

These advantages have been widely recog-
nised, particularly on important applications,
such as generator cables, where freedom from
maintenance troubles is desirable.

The hydraulic pressures that these termina-
tions will withstand are considerable, and

Figure 8—The mechanical-barrier joint at the top has
outside dimensions of 24 by 22 inches (610 by 559 milli-
metres) while the styrene joint is 9% inches by 7 inches
(235 by 178 millimetres). Both are for a 33-kilovolt 3-core
shielded cable.

standard terminations are used regularly in the
laboratory for pressures of 200 pounds per
square inch.

7. Service Records

Styrene joints and terminations have been in
operational service since 1934, and it may be of
interest to review the good record they have
established under a wide range of conditions of
service.
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7.1 JOINTS

The approximate
number of joints in
service is 900, made
up as shown in Table
3.

All faults so far re-
corded have been due
to causes other than
the styrene technique.

Representative 50-
cycle-per-second
values are shown in
Table 4 for 33-kilo-
volt joints made
under normal, good,
and abnormally bad
conditions. The nor-
mal conditions are
without delays during
jointing, with relative
humidity between 55
and 65 per cent. Good
conditions are again
without delays, but
with a relative hu-
midity approximately
zero per cent; and un-
der bad conditions the
joints were exposed
purposely for several
days during manufac-
ture, with relative
humidity up to 65 per
cent.

Typical impulse-
voltage results on 33-
kilovolt joints sub-
jected to 10 positive
and 10 negative im-
pulses of 193-5-kilo-
volt peak value on a
1/50th-microsecond
wave followed by
negative impulses
successively raised
by 20-kilovolt incre-
ments until break-
down, are given in
Table 5.
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Figure 9—Sealing end of 33-kilovolt bushing incorporating styrenated condenser cone.
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Figure 10—Styrenated condenser terminations in trans-
former box for 33-kilovolt service. Styrene cement gives a
good bond between the cable core and the condenser cone.

The joints are designed to have initial break-
down values approximately equal to those of the
cable, but owing to improvement with age, it is
usually necessary to use cable rated for a slightly
higher voltage if breakdown values of aged joints
are required.

Barrier characteristics of joints are measured
by applying pressure to the cable on one side of
a joint, using a fluid similar to that with which
the cable is impregnated. The cable on the other
side of the joint is cut short and a lip is formed
to enable leakage oil to be collected. The joint is
mounted almost vertically to eliminate natural
drainage. Provision is made for heating the con-
ductor electrically. Typical results are shown in
Table 6.

7.2 TERMINATIONS

Details of installed styrenated terminations
are given in Table 7. These figures do not include
some of the very early styrene cable plugs—some
of which are still in service—but refer only to
the bonded paper bushes.

No failures have occurred on terminations up
to 11 kilovolts-and only one on a 33-kilovolt
system. The cause has not been determined but
it occurred on the only horizontal arrangement
so far installed, and incorporated a plastic filling

TABLE 3 TABLE 35
STYRENE JOINTS IN SERVICE IMPULSE STRENGTH OF STYRENE JOINTS
. . . s Breakdown
Joints Supplied 385 156 351 16 1 Normal 485 Joint
Joint-Years 710 226 808 168 2 Normal 520 Cable Failed
Breakdowns — — 6 — 3 Normal 530 Cable Failed
Failures Per Joint-Year| — — 0.0074 | — 4 Normal 430 Joint
TABLE 4
BREAKDOWN CHARACTERISTICS OF STYRENE JOINTS
Initiel Power Factor at Working | POV Saetor SO i S8R RG ©0 ,
Copgisons of " Voltage Tines ot himes | pailuces
1/2 2 1/2 2
Bad 0.014 0.03 0.017 0.018 43 Cable*
Normal 0.0045 0.007 0.005 0.005 > 92 None
Good 0.0035 0.0075 0.0029 0.0037 >124 None

* The cable used had been subjected to severe testing previously.
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between bushing and cable core, an obsolete
method now superseded. The direct-current ter-
minations are installed on electrostatic pre-
cipitators, and the high incidence of failures on
these is largely due to the rather unusual and
strenuous conditions under which these equip-
ments operate.

TABLE 6

BARRIER CHARACTERISTICS OF 33-KILOVOLT
STYRENE JOINTS

P i Cond
Condition of P;ﬁs:al;ePg' ’I_‘e(:rl;‘p;ggre Hours of Ii’xfaéﬁﬁf:
Making S | Centitage | |t |Centimetres
Normal 100 Room 680 —
Normal 100 Room 3000 —
Normal 100 Room 3000 —
Normal 100 Room 680 —_
Normal 100 Room 2000 —
Normal 100 Room 2000 —
Normal 40 40 100 —
Joints after 3 40 17 351 —
Years Service 40 60 48 1
under a Static 40 70 48 —
Head of 33 and
Transient Press- 40 80 28 15
ure Up to 85 40 17 24 —
Pounds per 40 60 62 15
Square Inch
40 70 48 20
100 18 120 —

* The leakage figure represents the total oil collected and
therefore includes the displacement of oil due to expansion
in the adjacent cable.

Improvements have been made in this ap-
plication and there have been no failures since
the solid paper filling was introduced.

Hydraulic characteristics of terminations can
be accurately defined. No leakages have been
observed during any tests on bushings at pres-
sures up to 200 pounds per square inch over
periods exceeding six months. Samples tested to
destruction failed by bursting of the copper end
cap at between 800 and 1000 pounds per square
inch.

Long-time pressure tests, with transformer oil
applied both inside and outside, show no leakage,
indicating that the sealing rings are not affected.

Results of some high-pressure tests are given in
Tahle 8.
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Operating experience has shown that a very
high factor of safety is obtained, and tests show
that the asymptotic breakdown value of a 16-
inch barrier condenser cone as used on 33-kilovolt
systems (19 kilovolts to earth) is in excess of 50
kilovolts.

8. Jointing Time

No mention has so far been made of the time
required for jointing. This will depend largely
on the individual and his experience, but after
the first one or two joints have been made the
time should be not more than 10 to 15 per cent
longer than a screened oil joint of similar type.
In making any comparison it should be noted
that load can be applied to a styrene joint about
three hours after filling. There is no long cooling
period or topping-up process. Barrier termina-
tions are easily fitted in a few hours and are
generally suitable for installing in normal cable
boxes and porcelain terminations.

TABLE 7
STYRENE TERMINATIONS IN SERVICE

30 Kilo- | 60 Kilo-
3 to 11 | 33 Kilo- volts volts
Kilovolts| volts Direct Direct
Current | Current
Terminations Supplied 540 97 917 71
Termination-Years 2014 259 1943 108
Breakdowns — 1 33 —
Failures Per Termina- — 0.004 | 0.017 —
tion-Year
TABLE 8
BARRIER CHARACTERISTICS OF STYRENE
TERMINATIONS
Final Pressure in H £
Sample Poundslff}ll'*Square Finalo %’?e;sur e Leakage
1 700 5 None
2 500 6 None
3 600 6 None
4 700 6 None
5 500 4 None
6 800 12 None

* Pressure raised in 50-pound increments per 8-hour
period from 250 pounds per square inch.

ELECTRICAL COMMUNICATION <« March 1951



Design of a Loran Transmitter

By R. H. MYERS
Federal Telephone and Radio Corporation; Clifton, New Jersey

ARIOUS PROBLEMS that are en-

{ AAAAAAAA din tha dog: on Af Fram ot o
courniterca in the aesi gii 01 ua.u:uuu,u ig

v equipment for loran are discussed. A
new type of loran transmitter, using grid modu-
lation in the penultimate stage to shape the trans-
mitted pulse, is described. The pulse shape is
controlled to achieve a minimum of sideband
radiation with concomitant reduction in interfer-
ence from the loran transmissions.

1. Introduction

During the second world war, loran' became
one of the principal long-range navigational sys-

Sloved by the alli
tems employed by the allies, and in the postwar

period it has remained in widespread use.

After the second world war, the United States
attempted to obtain from the International Tele-
communications Union the allocation of a fre-
quency band in which the loran service would
operate. This was granted with some restrictions;
the Acts of the conierence specifically stating
that such approval is given ‘“‘provided that . . .
all practical measures are taken to minimize
harmful interference from loran transmissions
to other services operating in the same or adja-
cent frequency bands and, in particular, to
narrow the emitted bandwidth.” To assure that
it met the commitments that it had made and
to improve the equipment performance in other

wavg the ITnited S 1 1
ways, the United States government immediately

took action to bring about the following changes
in the characteristics of the loran transmitters:

A. Narrowing of the transmitter frequency spectrum to
reduce adjacent-channel interference without loss of
system accuracy.

B. An increase in transmitted power to about 1-megawatt
peak with facilities for operating all stages of the trans-
mitter except the final amplifier to obtain a reduced
output of about 160 kilowatts.

1John L. Pierce, ‘“Loran Long-Range Navigation,”
Massachusetts Institute of Technology Radiation Lab-
oratory Series, V. 4, McGraw-Hill Book Company, New
York, New York; 1948.

March 1951 + ELECTRICAL COMMUNICATION

C. A transmitting system that would provide a fixed
phase relationship between the radio-frequency cycles and

the envelope of the output pulse. This would permit a
cycle matching technique to be employed at the loran

T e s mntcroe fox AL nndo

timer or at a receiver -uluxLG. tor,

Loran transmitting equipment in service at the
start of the present development was of the
pulsed self-excited-oscillator type. Power output
from these transmitters was of the order of 100
kilowatts, and the approximately rectangular

1 ] d i dizated .
puises proGucea a wiGae raaiatea spectrumi.

pulse rise time from 10- to 90-percent amplitude
was about 10 microseconds and the width at
50-percent amplitude, about 40 microseconds.
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Figure 1—The radiated spectrum of the pulsed-oscillator
loran transmitter is given by the solid line. Proposed limits
for the new equipment are indicated by the dashed line.

In the new requirements, the transmitted

was to he conside rthn restricted as
W Ao v | 94w \‘Ullﬂlu\.‘luu ER WIS Lo A e A R~ ~

compared to the output of the pulsed oscillator.
The comparison is illustrated in Figure 1. The
rise time of the transmitted pulse was not to
exceed 25 microseconds, the half-amplitude
width was to be about 40 microseconds, and the
width at 10- percent amplitude was not to exceed
65 microseconds. By a process of Fourier analysis
applied to relatively simple wave shapes, the
pulse spectrum and shape requirements were

readily shown to be compatible. In particular, the
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analysis showed that a pulse of the shape of a
single cycle of the cosine-squared function was
well suited to both the shape and spectrum
requirements.

2. Pulse Shaping and Spectrum Control

In proceeding with the design of the equip-
ment, the method by which the pulse shape and
spectrum width was to be controlled was of basic
importance. Two general methods were seriously
considered:

A. Obtaining the desired pulse shape and spectrum by
generating a pulse in the transmitter whose rise time was
considerably faster and whose spectrum was considerably
wider than that desired, and by then passing this pulse
through a band-restricting filter placed between the
transmitter and the antenna,

B. The generation of the desired pulse shape by amplitude
modulation of a linear stage in the transmitter and by using
linear amplification to raise this pulse to the desired power
level.

Preliminary design of a filter
for method 4 showed that to
obtain the spectrum character-
istics indicated in Figure 1, at
least 4 tuned and critically
coupled stages of filtering
would be required. The entire
filter would have to be capa-
ble of adjustment to any one
of the 5 loran {frequencies be-
tween 1750 and 1950 kilo-
cycles. The alignment of a
filter of this type in the field
appears formidable, to say the
least. Insertion loss in the fil-
ter would approach 3 decibels,
and peak voltage would exceed
20 kilovolts. These factors
indicated that transmitting
equipment utilizing a filter
would be relatively large and
difficult to handle by field
personnel.

Consideration of method B
showed that two linear power-
amplifier stages would be re-
quired; a penultimate stage
that would be modulated to
obtain the desired pulse shape
at a 160-kilowatt level and a
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final stage that would amplify the pulse to a
1-megawatt peak level with small distortion.
Ideally, with zero distortion in the linear
stages and no selectivity in the antenna cir-
cuit, the envelope of the output pulse would
be completely determined by the modulating
pulse. Practically, some small deviation could be
expected between them, but this could be com-
pensated for by predistortion of the modulating
pulse.

For modulating the penultimate stage, grid
modulation appeared to be the most practical
because of the smaller modulating power re-
quired as compared to plate modulation. Since
the stage would be operating near peak condi-
tions for a large percentage of the modulation
cycle, the efficiency would be comparable to that
for plate modulation. Calculations showed that
about 50-percent plate efficiency could be
expected and that a medium-sized hydrogen

Figure 2—The loran transmitter. The power supplies are placed in the lower
part of the cabinet. Monitoring oscilloscope is in the center.
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thyratron, the 4C35, would furnish adequate
modulating power. Both of these indications were
favorable.

The final 1-megawatt stage would operate
essentially as a class-B linear amplifier. This stage
would give about 50-percent
plate efficiency, and since the

pulsing is not required for the particular station
in which the transmitter is installed, the extra
exciter is used as a standby.

The output of the transmitter is a radio-
frequency pulse recurring at one or two of the

1750-1950 KC

. EXCITER A
losses in the plate and output - PULSED
Circ-uits Would. be Only al?out 05 ””"”””””"" FREQUENCY R FIRST SECOND
decibel, the linear amplifier ap- {00 KILOCYGLES | | CENERATOR [ 1~ I AMPLIFIER ~®1 AMPLIFIER
peared quite practical. )

On the basis of the foregoing l I
analysis of methods 4 and B, = PULSE X e
method B was selected for the = TiyiNg rulse FORMER v _NMW
equipment design, and the pulse =
shape was to approximate that = ouTRUT
of one cycle of the cosine- = m TO ARTENRA
squared function. The trans- = il FREQUENGY | | _
mitting equipment was divided 5 100KiLocycLes| | GENERATOR
into two portions. The first of =
. J o 3
these, called the transmitter \ /\
proper, contains the frequency- PULSE N rgﬁgm;m
generating stages, two inter- TIHING PULSE FORMER | aMeLiFies
mediate amplifiers, and the L _____ _
EXCITER B

modulated penultimate amp-
lifier. The transmitter may be
used separately to give an out-
put of 160 kilowatts. The other
portion of the equipment is the linear amplifier,
used to amplify the transmitter output to a
1-megawatt level.

A description of the more salient features of
the transmitting equipment that evolved from
this beginning and the performance character-
istics are discussed in the remaining portion of
this article.

3. Loran Transmitter
3.1 GENERAL

A photograph of the cabinet of the transmitter
is given in Figure 2, and a block diagram of the

electrical circuits appears in Figure 3. The inputs

to the exciters consist of a 100-kilocycle standard
frequency and repetition-rate triggers at a
nominal 20, 25, or 33% pulses per second. Eight
specific rates have been established in the
vicinity of each of these nominal rates.

To provide for double pulsing (simultaneous
pulsing at two of the specific rates associated with
the same nominal rate), two exciters are included
in the transmitter. In the event that double
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Figure 3—Block diagram of the transmitter. Peak output of 160 kilowatts
may be applied either to the antenna or to a power amplifier.

above rates, and having a very accurately con-
trolled carrier frequency of 1750, 1800, 1850,
1900, or 1950 kilocycles. Because the carrier
frequency is directly related to the 100-kilocycle
input, and because the repetition-rate trigger is a
direct submultiple, a phase lock exists between
the output pulse envelope and the radio-fre-
quency cycles that make up the pulse.

The output pulses have the cosine-squared
shape mentioned above, and a peak output of
160 kilowatts is available when the transmitter
is single pulsed, or 128 kilowatts when double
pulsing is used. The output is applied through a
52-ohm coaxial cable either to the amplifier or
directly to the antenna.

3.2 EXCITERS

Two identical exciters are included in each
transmitter. A block diagram of one of these
units is given in Figure 4. :
3.2.1 Frequency Generator

Those stages that receive the 100-kilocycle
standard frequency from the timer and convert
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it into a carrier frequency for amplification and
modulation in the later stages of the transmitter
are called the frequency generator.

Provision is made in the frequency generator
for choice of any of the 5 loran frequencies by a

This signal is applied to an amplifier-limiter,
and thence to a push-push frequency doubler.
The doubler stage is normally biased so that plate
current does not flow even with the radio-
frequency driving voltage present. The stage is

1750 -1950
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FROM TO PENULTIHATE
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Figure 4—Block diagram of one of the exciters. Those stages that generate the pulse waveforms are called the pulse
fomer; these are the three blocks at the lower right. The rest of the circuit generates the carrier frequency.

front-panel switch and two tuning controls.
Conventional frequency-multiplier and divider
stages are employed, with interstage coupling
provided by tuned circuits using iron-dust-
cored coils.

Two tripler stages multiply the 100-kilocycle
input to 900 kilocycles, which is applied to a
mixer stage. A combination of a frequency-
divider, a doubler, and a tripler can also provide
stable 25-, 50-, or 75-kilocycle signals to the
mixer. The divider system is of the regenerative
type in which the 75-kilocycle signal from the last
stage is fed back to the first stage to mix with the
100-kilocycle input and produce 25 kilocycles.
Doubling of the 25-kilocycle signal produces 50
kilocycles, and tripling produces 75 kilocycles.

The proper divider output frequency is
selected by a S-position switch and combined
with 900 kilocycles in the mixer. Other contacts
of the same switch select the proper tuned
circuit 'at the mixer output for rejection of all
but the desired frequency from the various sum
and difference frequencies present. The output
is at any of 5 frequencies at 25-kilocycle intervals
between 875 and 975 kilocycles.
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then gated ““on’’ with a positive bias pulse applied
to the grids. The gating pulse is approximately
100 microseconds long and occurs at the loran
repetition rate. The output of the doubler, con-
sisting of rectangular radio-frequency pulses at
the station carrier frequency, and repeated at the
repetition rate, is applied to the amplifier chain.
A considerable gain in the efficiency of the
amplifiers, which must furnish radio-frequency
drive to the penultimate stage, is obtained by
gating them only for a period slightly longer than
required by the width of the modulation pulse.

3.2.2 Trigger Generaior

The trigger generator is essentially an isolation
stage utilizing a type 2050 thyratron to discharge
a resistance—capacitance network in its plate
circuit upon arrival of the repetition-rate trigger
pulse from the timer. There are two outputs from
the trigger generator, one of which is a negative
pulse of rather long time duration. This is
amplified, clipped, and inverted in the limiter—
amplifier stage to form a rectangular pulse
about 100 microseconds in duration, and is then
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applied as the gating pulse to the grids of the
pulsed doubler.

The other output of the trigger generator is a
very sharp negative pulse that is inverted in a
transformer and applied to the grid of the pulse
generator, a type 4C35 thyratron.

3.2.3 Pulse Generator

The schematic diagram of this stage is given
in Figure 5. The 4C35, with no signal input and
zero bias, is normally extinguished, and capacitor
C1 becomes charged to 6000 volts through R1
and LI. The leading edge of the positive pulse at
the grid fires the tube, and an oscillatory circuit
composed of L1 and CI discharges through the
tube, developing a 2250-volt positive pulse across
R2 in the cathode circuit. When the discharge
current passes through zero, the tube extin-
guishes, and the grid regains control until the
next pulse.

The cosine-squared shape desired in the
modulating pulse is developed by the oscillatory
elements in the plate circuit of the tube dis-
charging into the cathode network consisting of
C2, C3, L2, and R2. The width of the output
pulse is adjusted by means of variable inductor
L1, and the rise time by means of L2. These
adjustments are only slightly interdependent.
In order that the nonlinear loading effect of the
penultimate-amplifier grid circuit may not ap-
preciably affect the wave shape, the value of R2
is made low, being only 100 ohms.

3.3 INTERMEDIATE AMPLIFIERS

The two intermediate amplifiers raise the
pulsed-doubler output to a level sufficient to
drive the penultimate amplifier.

3.3.1 First Amplifier

The first amplifier is a conventional single-
ended tuned-grid—tuned-plate stage using an 807
tube. The tube is biased to cutoff, so that no
plate current flows between pulses of radio-
frequency input. Both grid and plate circuits are
loaded with resistors to give sufficient bandwidth
for passing the rectangular 100-microsecond
pulses.

3.3.2 Second Amplifier

The second amplifier uses two 715C tubes in a
cross-neutralized push-pull arrangement. The
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stage is also biased to prevent plate-current flow
in the absence of an input. The plate voltage
used is 7200 volts, the screen-grid voltage is 1200
volts, and the peak power output is of the order
of 14 kilowatts.

3.3.3 Obtaining Constant Output Pulse Amplitude
When Double-Pulsing o Transmitter

A rather interesting circuit feature has been
incorporated in conjunction with the second
intermediate amplifier for the purpose of com-
pensating for variations in output pulse ampli-
tude that will occur when a loran transmitter is
operated at two repetition rates simultaneously,
i.e., double pulsed. A review of the wvarious
aspects of the problem may be helpful here.

Double pulsing is usually used at a master
station of a chain, with two slave stations each
synchronizing with one of the two rates. A
complete description of these principles is given
in reference 1. The repetition rate of a loran
station is nominally 25 pulses per second, and

+6000 VOLTS

«d\v—

INPUT FROM
TRIGGER-
GENERATOR

MODULATION TO
GRIDS OF PENULTIMATE
AMPLIFIER

Figure 5—The pulse
generator provides the
pulse that is applied to
the grids of the modu-
lated stage.

in double pulsing the two rates usually differ by
about 1/16 pulse per second. Therefore, the
pulses corresponding to the two rates are con-
stantly changing position in time with respect to
each other and the pulses occur simultaneously
about once in 16 seconds.
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The direct-current energy to the wvarious
stages of the transmitter is supplied from recti-
fiers with storage or filter capacitors that supply
the flywheel action necessary between the
relatively low, but continuous, output of the
rectifiers and the large, but short-duration, surges
of current drawn by the transmitter. Because the
various storage capacitors cannot have infinite
capacitance, a voltage drop occurs across them
with each transmitted pulse, and this voltage re-
covers toward the initial value in essentially an
exponential manner until the next pulse occurs.
The voltage levels on the various stages at the
instant this second pulse comes along thus de-
pend on the time separating it from the first
pulse. When double pulsing, this time separation
is constantly changing and causes the trans-
mitted-pulse amplitude to vary at the difference
frequency between the two rates. This variation
is extremely undesirable because it spoils the
accuracy with which master- and slave-station
signals can be matched at the indicator.

Basically, the degree of amplitude variation
that is present can be controlled by the amount
of storage capacitance used in the power supplies.
This has practical limitations, however, from the
standpoints of cost and space required. With 8
microfarads of storage for the 1-megawatt
amplifier and 2 microfarads for the penultimate
amplifier, all rated for 20 kilovolts, the pulse

amplitude variation was about 5 percent. It was
desired that it be 2 percent or less. To obtain the
smaller variation by increasing the storage ca-
pacitance would require that it be at least
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Figure 6—At the top is shown the circuit used to vary
the output of the second intermediate amplifier to com-
pensate for changes in plate-supply voltages throughout
the transmitter. Below are the voltage waveforms involved.
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Figure 7—Simplified schematic diagram of the modulated penultimate amplifier.
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doubled, which is uneconomical. A method was
therefore developed to compensate for amplitude
variations rather than to eliminate them by the
addition of capacitance.

The principle used was to make the screen
voltage of the second intermediate amplifier
vary inversely in time to the direct-current
plate potentials on this and succeeding stages.
Thus, when reduced plate voltages tend to reduce
the amplitude of the transmitted pulse, the
increased screen voltage increases the radio-
frequency drive to the penultimate stage and
maintains the output constant. A schematic
diagram of the circuit is given in Figure 6.

The positive modulator pulse, whose primary
function is to shape the transmitted pulse at the
grid of the penultimate stage, also passes through
resistor RI, the two diodes, and blocking
capacitor CI to storage capacitor C2 and the
screen grids of the 715C tubes. Capacitor C2
integrates the current due to the pulse, causing a
voltage rise at the screens. This voltage im-
mediately begins to decay exponentially, as
determined by C2, R1, and the resistance of the
direct-current screen-supply source, until the
occurrence of the next pulse. The change in the
screen voltage, and hence the
penultimate amplifier is, therefore, inverse to the
plate-voltage variation as is shown at the bottom
of Figure 6. The degree of compensation is
controlled by RI and the time constant is ad-
justed by means of C2 to approximate that of the
plate-supply variation.

Actual results using this circuit were that
pulse-amplitude variations were reduced to less
than 2 percent without any additional plate
storage capacitance.

3.4 PENULTIMATE AMPLIFIER

Four type 7C23 tubes are employed in the
parallel-push-pull amplifier circuit. A diagram of
this circuit is shown in Figure 7. For simplicity,
conventional circuit elements such as the bypass
capacitors, parasitic-suppressors at the grids, and
metering circuits are not shown here.

The input tuned circuit, composed of L1, CI,
and C2, is loaded with resistor R1 to prevent
distortion of the driving pulse. The driving pulse
is applied through blocking capacitors to the
grids of the four 7C23 air-cooled triodes, which
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drive to the’

RADIO —FREQUENGY DRIVING PULSE

MODULATING PULSE
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COMPOSITE WAVEFQRM AT GRID

—3200 VOLTS

TRANSMITTER OUTPUT

Figure 8—Penultimate-amplifier modulation waveforms.
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are biased so that when the driving pulse is
present, but with no modulation pulse, the tubes
are just on the verge of conduction. This bias,
approximately — 3200 volts, is applied through
isolating resistor R2. Application of the modulat-
ing pulse has the eff
tubes to permit amplification of the input in
accordance with the shape of the modulating
pulse. This process is illustrated in Figure 8.
Actual photographs of these waveforms are
given in Figure 9.

Returning to Figure 7, the plate tank consists
of capacitors C3, C4, C5, and C6, and inductance
L2. Output is taken from the circuit by inductive
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L3 is series resonated by capacitor C7 and this
circuit is directly coupled to the second series-
resonant circuit consisting of L4, C§, and the
load. This double-tuned output circuit alone
gives harmonic suppression in excess of 40
decibels; this being in addition to the suppression

(T!‘YAT\ l‘nr 1-]19 nsh- r\n” clage- R nnarqi—un
g1 10 PUsi-pPuil Giass—.o OperaciOll.

A 52—ohm coaxial line connects the transmitter
output either to the antenna or to an amplifier.
A dummy load is incorporated to dissipate the
entire output when testing the transmitter.

3.5 PowER SUPPLIES

The total power requirements of the trans-
mitter are 5.5 kilovolt-amperes from a 230-volt,

50/60- r‘vrlp line, There are three nower supnlies

STANY, Cic d 2CIT Qi LT pPUWC PPics

for prov1dmg the plate voltage, screen-grid
voltage, and bias required in the various stages.

[
[=-]

Figure 9—At the left is the carrier-frequency driving pulse at the grids of the amplifier as viewed on the monitoring

oscilloscope. At the center is the modulating pulse, and at the right is the transmitter output. The
variable-delay oscilloscope sweep is 100 microseconds long in each case.

3.6 MONITORING PROVISIONS

The high order of pulse-shape stability re-
quired of loran transmissions necessitates com-
plete provisions for monitoring. The monitoring
oscilloscope, a Dumont type 256-D, is placed in a
compartment in the front of the transmitter
cabinet (see Figure 2). The oscilloscope, which
incorporates a delayed sweep, permits accurate
measurement of the rise time and width of all

imnartant “rqub\rnrmm n I’\nf‘]’\ f]'\e transmitter
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and amplifier. Front-panel switches in the
transmitter permit any of these pulses to be
displayed on the oscilloscope.

4. Power Amplifier

The function of the power stage is to amplify
the 160-kilowatt output of the transmitter to a
level of approximately 1000 kilowatts peak
power without distortion. An output of 800
kilowatts is available when double pulsmg is
used. The amplifier may be tuned to any of the
5 standard loran frequencies.

A photograph of the front
cabinet is given in Figure 10 and a block
diagram in Figure 11. As shown in the block
diagram, the transmitter output is applied to
the grid circuit of the push-pull amplifier stage.
A trigger from the timer unit (or two triggers,
where double pulsing is used) is applied to a

triooar_oanaratnr ataoco
LHIRECI-8g CLCTA L0l Sldge,

fed to a bias-pedestal generator. The pedestal-
generator output is a positive pulse that arrives

t of the amplifier

the ontnut of which is
[ S L w3 UuLHuL L ¥Y 111011 1Y



at the amplifier grid circuit simultaneously with

the radin-frequencvy nulge from the tranc
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The pedestal serves to adjust the bias on the
amplifier to the correct value for linear operation,
after which the amplifier is again cut off.

The output of this equipment is an amplified
reproduction of the input pulse, and this may be
applied to a dummy load, or through the

antenna-matc

4.1 Bias-PEDEsTAL GENERATOR

4.1.1 Linearity Considerations

e ~L a1
ient o1 tne

During the early develops power
amplifier, it was operated strictly class-B push—
pull, with no plate current flowing in the ahsence
of radlo—frequency driving power. Under these
conditions, linearity of the input-to-output
characteristics showed considerable curvature in
the low-level region. As a result, the pulse shape
from the transmitter was distorted in passing
through the amplifier to the extent that the rise

time (10- to 90-percent amplitude) changed from
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21 microseconds to 17 microseconds and the
h

width at 50-percent amplitude from 40 to 44
microseconds.

The effect of the curvature in the low-level
region of the characteristic is recognized in any
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vacuum-tube ampliﬁer operating strictly class
B.T 1HUb in class-B Lcu:puuuy, the usual pr actice
is to bias the tubes slightly into the conducting
region to avoid the nonlinearity. In doing this,

. the operating static plate current
is not increased by a very large
percentage and the efficiency is
not materially affected. In the
loran amplifier, however, where
there is a very small duty cycle
0.005),

the avera ge

(nf\mlﬂﬂ]]‘f

JaOiniiiall

plate current is relat1ve1y small
and if the tubes were to be biased
above the nonlinear region, the
static current would far exceed
the current drawn as a result of
pulsing and the efﬁc1ency would

4.1.2 Pedestal-Generator Circuit

The  increased linearity ob-
tained by operating the tubes in
the conducting region was
effected without any loss in
efficiency by the use of a bias-
pedestal generator. This volt-
age pedestal decreases the bias
level on the amplifier grids for
ng just be-
fore a pulse is to be amplified
and ending just after the

pulse itself. This is illustrated

a short period starting

1OorL petloa
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graphically in Figure 12. In allowing the de-
sired conditions to exist for only the duration
of the pulse, the efficiency is not materially
affected because the static current is not in-
creased. With the bias pedestal operating,

-340

CUT-
OFF

GRID VOLTAGE

=1200 |

100 MICROSECONDS

TIME

Figure 12—The bias on the amplifier grids is adjusted to
the proper value for linear amplification for only the
duration of the input signal. At other times the tubes are
held below cutoff at —1200 volts.

the rise time and width of the amplifier output
pulse are within 1 microsecond of the measure-
ments at the input.

The circuit that generates the bias pedestal
is shown in Figure 13. A type 3C45 hydrogen
thyratron is used. With no pulse input, the
amplifier grids are completely below cutoff, being
at the —1200-volt level. Capacitor C3 is charged
through R2 and R3 to —1200 volts, and CI is
charged to the potential difference between the
plate and cathode of the thyratron, or 860 volts.
When a repetition-rate trigger pulse arrives, the
tube ionizes and immediately the potential to
the amplifier grids rises to —340 volts as the
thyratron becomes virtually a short circuit.
Capacitor C1 and inductor LI determine the
length of the bias pedestal by putting an oscilla-
tory current through the tube that cuts the tube
off after one-half cycle when the current tries to
change direction. These constants are chosen to
produce a pedestal of about 100-microsecond
length. Capacitor C2 is large in value to carry the
large video components of amplifier grid current
with little drop in voltage during the pedestal
length. A photograph of this pedestal waveform is
given in Figure 14.
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4.2 AMPLIFIER STAGE
4.2.1 Choice of Tubes

In selecting the tube complement for the
1-megawatt amplifier, the prime requisite was
that it be capable of generating about 1.2
megawatts peak power in order to furnmish a
1-megawatt output with allowance for losses in
the output circuit and some safety factor. This
peak power had to be realized within operating
limits where the input-to-output characteristic
of the stage was essentially linear. A push-pull
circuit had been decided on to provide attenua-
tion of even-order harmonics, thus setting a
minimum of two tubes on the complement.

At the time the development started, there
was no tube commercially available that was
suitable for the pulse application and could
produce the desired output with linear amplifica-
tion in a complement of less than eighteen tubes.
This quantity of the type 7C23 was the only

-340 VOLTS ¢

cz

REPETITION-RATE .

TRIGGER FROM

TRIGGER AMPLIFIER ||
10 AMPLIFIER
GRID CIRGUIT

— R2
-1200 VOLTS |

Figure 13—The bias-pedestal generator. Firing of the
3C45 hydrogen thyratron generates the pedestal for ad-
justment of the push-pull amplifier stage grid bias.

possibility. The total quantity of tubes was
dictated by the peak emission necessary to
produce the power output. The 7C23, an ex-
ternal-anode forced-air-cooled triode, had proved
itself for loran service, being used in the pulsed-
oscillator transmitters that had been in field
service for about 5 years. The 7C23 was also
being used in the 160-kilowatt penultimate
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amplifier stage of the new transmitter. However,
it was decided that it was inadvisable to use as
many as 9 tubes on either side of the push-pull
arrangement because of the space required and
because of the relatively great electrical distances

Figure 14—The bias pedestal as viewed on the monitor
oscilloscope. The sweep length is 1000 microseconds.

that would separate certain of the tubes in the
latter mioht he condue

iaLlCl lgan o LOLUull

1ve to

allel orouns: he
1 Ve WO
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parasitic-oscillation difficulties. A tube develop-
ment was therefore undertaken to provide a
suitable tube for the amplifier.

It was decided that the maximum number of
tubes that would provide a practical arrange-
ment was 12, and the initial question was whether
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~ a |
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output with that number, or to develop a large

type of which a pair would serve, Design con-
siderations showed that enough additional fila-
ment power could be built into the 7C23 to give
the required emission in a complement of 12
without any additional changes in the tube
This tube would be 6.5 inches high,
3.5 inches in diameter, and would weigh 5
pounds. On the other hand, if a
developed, of which a pair would furnish the
desired output, a tube about 12 inches high and
9 inches in diameter, weighing 30 pounds would
be required. Cost-wise, the complement of larger
tubes would be about 1} times more expensive.

From the cost standpoint alone, the use of 12

redesigned 7CZ3 tubes was the logical choice.
However other factors also welghed heavily in

structure.

lnropr tube were

world, under cond1t1ons where rough handhng
was almost inevitable, the smaller and hence
sturdier structure was better suited. For the
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he tubes, who
ngt he 7C23. a
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convenience of the service using t
were already accustomed to handlin
redesigned version offered no new installation
problems as would a larger tube. Finally,
preliminary design of the larger tube showed that
forced-air cooling of the filament seals in addition
to the anode would be required and this would
add to the cost of the equipment. Thus, a re-
n of the 7023 was undertaken. and this was

decio an

sign of 7C23 was undertaken, and this was
carried to a successful conclusion in the 5680
tube shown in Figure 15,

In the 1-megawatt amplifier, an arrangement
was devised for mounting six 5680 tubes in
parallel by modification of an insulated tube
mount normally used with a mgle 50- kllowatt

varsinn of the 7022 5 f8aedi ng lar
1L fUad anoraing ial

peak-emission capabilities.

of a circle as small

for the mount to hold the six tubes on the cir-
cumference as the tube
dimensions permit (Figure 16). This connected
the anodes in parallel through very-low-imped-
ance paths, and little trouble was experienced
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Figure 16—View through the front doors of the amplifier showing the 12 type 5680 tubes in parallel-push-pull.

in freeing the circuit of parasitic-oscillation
difficulties.

4.2.2 Amplifier Grid Circuit

The 1-megawatt amplifier and the 160-kilo-
watt output stage of the transmitter are each
designed to feed an antenna through a 52-ohm
coaxial cable. Therefore, in order that the
transmitter may be used to excite the 1-mega-
watt amplifier, it was necessary that the push-
pull amplifier grid circuit be designed to match
the 52-ohm single-ended output of the trans-
mitter.

The normal method of coupling between a
single-ended low-impedance circuit and the grids
of a push-pull stage at frequencies of 2 mega-
cycles is to employ a balanced tank circuit from
grid to grid and to couple inductively the low-
impedance source into the electrical center of the
tank coil. This method has disadvantages in the

42

loran amplifier. First, an operating Q of about 8
could not be exceeded in the tank circuit without
distorting the pulse, and with this Q it was
physically difficult to obtain enough inductive
coupling between the tank and the input circuit
to reflect an impedance to the input circuit as low
as 52 ohms. This coupling also had to be variable
to give correct operation at each of the 5 loran
frequencies. Second, because the grid capacitors -
were too high in value to be variable, a balanced
variable inductance would have to be used, and
this, with its associated controls, would be
expensive. And third, because the impedance
reflected to the source would be a relatively
critical function of the grid-tank tuning, it was
anticipated that an inexperienced operator would
have trouble adjusting it correctly.

The meore effective solution to input coupling
seems to lie in the technique normally applied
in ultra-high-frequency equipment where a
quarter-wavelength section of transmission line

ELECTRICAL COMMUNICATION ¢ March 1951



transforms from a single-ended to a balanced

circuit. Such ar m
as a bazooka or balun, and roperly designed and
terminated it reflects a particular impedance.
The basic_circuit shown in Figure 17 is well
known. ‘

In the loran amplifier, the bazooka was
employed essentially as described in Figure 17.
The load at the balanced end
consisted of the grids of the

+11thee

with a laroce ne
LtUDes Wi

reantaoce
Lii a 1algC plilc

ntage
of resistive loading to reduce »
the nonlinearity of the total 7. ==2 89 OH
load. The characteristic im- nzy
pedance of the quarter-wave
transmission line was chosen as
72 ohms and the total grid-to-
guu load was made 100 ohm s,
which transforms to the desired
52 ohms at the input. This
transformation gives the neces-
sary radio-frequency voltage level at the grids.
The characteristics of the 72-ohm line are
broad enough so that it could be cut for the
geometric-mean frequency between 1750 and
1950 kilocycles and it then gave very satisfactory
ormaince at au Uf LhU 5 iy cqucu\,lca employed
Phys1cally the bazooka is relatively simple,
sisting of 90 feet of type RG-11/U solid-
dlelectnc coaxial cable wound in pancake fashion
on phenolic supports with the assembly mounted
in an aluminum enclosure. It is shown in Figure 18.
The input is on the left end where the cable
shield is grounded. The output is at the lower

middle where both the cable shield and inner

MG —P ) —— = p =

UNBALANGED

conductor are brought out to separate insulated

A si mphﬁed schematic of the input circuit of
the amplifier including the bazooka is given in
Figure 19. Inductances L1 and L2 tune out the
capacitive reactances of blocking capacitors C1
and C2. A tuned circuit (consisting of C3, (4,

C5, and L3) is used from grid-to-grid of the

COAXIALLINE — }
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Zt
2
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o

GROUNDED ENGLOSURE-

/4
ALV \}
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Figure 17—Basic circuit of balancing section. The term Z, is the characteristic
impedance of the quarter-wavelength line; total load impedance is Z,.

amplifter tubes, which, in conjunction with the
effective grid-to-grid resistance of 100 ohms, has
a Q of about 5. This provides low-impedance
paths for the grid-current harmonics. When the
tank is at resonance and 1ts 1mpedance is hlgh

tha B9 Al £araaai
LllC O 4-011111 TCTiniin

by the 100 ohms.

The inductance required in the tank circuit is
low enough, due to the low impedance of the
circuit, to permit the use of a parallel-rod line
section with a short at the far end. The induc-
tance is adjusted by moving the short, and posi-
tions have been calibrated for each of the 5
frequencies. The operator has only to position

Figure 18—A bazooka is used to match the 52-ohm transmitter-output line to the grids of the amplifier tubes.
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the short for a particular frequency and auto-
matically the penultimate stage is presented with
the nroper load impedance of 52 ohms and the

Ll Propel 1Cqu npeliaiiitc OIIIls all

driving voltage relations are correct at the
amplifier-tube grids.

4.2.3 Amplifier Plate Circuit

A simplified schematic diagram of the plate
circuit is given in Figure 20. Plate voltage is fed
to the parallel-push-pull 5680 tubes through
inductances LI and LZ2. Variometer L3 has a

inductance to tune with

sufficient
capacitors CI, C2, C3, and C4 to any of the 5
loran frequencies. The amplifier output Is

coupled to the 52-ohm coaxial line by two

rangce ﬁf
ralige Ol

L

INPUT FROM BIAS-
PEDESTAL GENERATOR

TUNED LINESECTION

resonant circuits consisting of L4-C5 and L6-C6
A photograph of the output waveform is given in

Figure 21.

4.3 AppITIONAL CIRCUITS

Provision is made in the amplifier to feed
various waveforms back through a coaxial line
for display on the oscilloscope mounted in the
transmitter.

The LULd.l power Tequu einen
are 17 kilovolt-amperes from a 230-volt, 50/60-
cycle line. There are two power supplies in the
amplifier. One of these, the low-voltage rectifier,
supplies bias voltage for the amplifier and bias
and plate voltages for the trigger generators and

the pedestal generator
1 HC ULHCr prOVIuca lJ JUU
volts for the plates of the
plifie

4o ~f +h M
its 01 UiC amp lifier

.)

ers

5. Conclusion

The 1-megawatt loran
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|NPUT FROM
TRANSMITTER

equipment has now been

in field service since
January of 1950, and per-
formance has fully justi-
fied the methods by which
the required character-
istics were met.

With respect to the
transmitted puise shape,
the cosine-squared charac-
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Figure 20—The plate circuit of the amplifier is shown above.
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lation in the penult1mate
amplifier has been illus-
trated in Figure 9. Com-
parison of this waveform
with the pulse at the
output of the amplifier,
Flgulc 21, illust
small amount of distor-
tion introduced by the
amplifier. In the field, a
loran chain is in opera-
tion wherein one master
station does not employ
a I-megawatt amplifier
but a mating slave station

does. Pulse be-

tween the two signals is
completely satisfactory.
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Figure 21-—Output waveform of the power amplifier
on a 100-microsecond sweep.

The measured frequency spectrum from the
equipment was well within the original spectrum
calculated from the mathematical cosine-squared
function. The measured spectrum is compared
with the maximum proposed limits in Figure 22.
The older type of pulsed-oscillator transmitters
are still used along the northeastern seaboard of
North America, and comparison of these signals
with those of the new equipment on a communi-
cations-type receiver or on a loran indicator read-
ily shows the improvement in spectrum width.
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Figure 22—The measured spectrum of the transmitter
is well within the limits set by the proposal (dashed line).

Recent Telecommunication Development

Etchings of Oliver Heaviside

OLIVER HEeAvisiDE (1850-1923) is the subject
of the latest etching in the series issued by
the International Telecommunications Union.

Born in 1850 in London, England, the value
of his theoretical work in the cable, telegraph,
and telephone fields was obscured in part through
his use of mathematical processes that were often
original and not readily understood and ac-
cepted by practical readers. This resulted in
some difficulty in getting his papers published.

In the field of radiant energy, he suggested
that the earth was surrounded by a conducting
layer that would reflect electromagnetic waves
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and permit signals to be transmitted over long
distances despite the curvature of the earth.

This Heaviside portrait is the sixteenth in a
series started in 1935. Each etching is on a good
grade of paper and with margins measures 9 by
Z inches (23 by 17 centimeters). All of the
etchings are available at 3 Swiss francs each
from Secrétariat général de I'Union internation-
ale des télécommunications, Palais Wilson, 52,
rue des Paquis, Genéve, Suisse. The etchings are
of Ampére, Baudot, Bell, Erlang, Faraday,
Ferrié, Gauss and Weber, Heaviside, Hertz,
Hughes, Marconi, Maxwell, Morse, Popov,
Siemens, and Tesla.
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Magnetostrictive Delay Line

By E. M. BRADBURD

Federal Telecommumnications Laboratories, Incorporated; Nutley, New Jersey

AGNETOSTRICTIVE delay lines
M permit pulse signals to be delayed
over a smoothly adjustable range of
time. They constitute passive systems that will
accommodate a multiplicity of pulses simul-
taneously. A comparison is presented of various
signal-delaying systems. The fundamental design
equations for the magnetostrictive delay lines
are given together with methods for eliminating
the damaging effects that might be caused by
echoes from the ends of the line.

1. Need for Continuously Variable Delay of
a Passive Nature

In certain types of electronic equipment, there
is a need for a device that can produce a con-
tinuously variable delay of pulse signals and, in
addition, will be composed of passive elements
yielding a delay independent of the past history
of signals applied to the circuit.

A need for a device meeting requirements of
this type is encountered in certain types of pulse
decoding equipment used in a system of aerial
navigational aids known as ‘“Navar.””! In this
system, the altitude of a cooperating aircraft is
transmitted to the ground station by the use of
a group of pulses arranged in a code and trans-
mitted by the aircraft in reply to a ground-radar
challenging pulse.

The pulse group is decoded by delaying the
incoming pulses in a network by definite and pre-
determined amounts depending on the antici-
pated information. These delayed signals are
then compared to the undelayed signal by the use
of coincidence-recognition and gating circuits.
The magnitudes of the delays to be encountered
vary continuously, depending on the height of
the aircraft, and the maximum value of the delay
is in the neighborhood of 150 microseconds.

1 H. Busignies, P. R. Adams, and R. I. Colin, ‘“‘Aerial
Navigation and Traffic Control with Navaglobe, Navar,

Navaglide, and Navascreen,” Electrical Communication,
v. 23, pp. 113-143; June, 1946.
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The pulses entering the decoding equipment
are in a sense random, since the information
being relayed by a given aircraft and the position
of the aircraft (and, hence, the time of return of
their coded replies) is continuously varying in an
indefinite pattern. The problem is further com-
plicated by the fact that sets of pulses from many
other aircraft may be present in the system at
the 'same time.

For these reasons it is necessary to develop a
method of delaying pulses that will meet the
conditions outlined above and will be capable of
accepting and accurately delaying one pulse even
while other pulses are passing through other
portions of the delay circuit. This condition is
not met by most vacuum-tube delay circuits,
for they cannot accept a second input pulse
until the first pulse has finished its delay period.
Passive delay lines meet this requirement and,
where continuously adjustable delays exceeding
50 microseconds are desired, the magneto-
strictive delay line seems especially attractive.

The magnetostrictive delay line is not a new
device to electronic engineers. It was first intro-
duced to us by Mr. Gordi of Watson Labora-
tories, Red Bank, New Jersey. Our additions to
the development have been concerned with im-
proving the pulse response and eliminating
echoes from the system.

2. Available Types of Delay Networks

Most available systems of time delay are not
capable of functioning properly with signals of
the kind described because they suffer from some
combination of the following defects.

A, The delay is not continuously variable.

B. The delay circuit has a long recovery time, i.e., the
circuit has no storage capacity for a definite time after a
pulse has entered ‘the delay network.

C. The attenuation of the delay network varies widely
with the delay.

D. The pulse distortion is severe due to the ampiitude and
phase characteristics of the system.
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E. The circuits are quasi-active, i.e., the output pulse is
triggered by a waveform produced by the input pulse, this
waveform being generated by a resistance-capacitance or
an inductance-resistance-capacitance network.

F. The insertion loss is high.

We list these defects in Table 1 to permit the
available delay methods to be compared qualita-
tively.

When pulse reshaping is permitted to over-
come the effects of phase and amplitude dis-
tortions, it can be seen that the magneto-
strictive delay line is excellently adapted to the
problem of long, continuously variable, passive
delays.

3. Magnetostrictive Delay Line

Basically, the magnetostrictive line is a super-
sonic device, i.e., the pulse signal is conducted
from input to output trans-
ducer in the form of a sound
wave. The transducers de-

The transducers used here consist of coils
through which the sound-conducting and mag-
netostrictive material is threaded. When a pulse
of voltage is applied to the transmitting trans-
ducer, a magnetizing field is produced in this
coil and creates a magnetic flux in the piece of
magnetostrictive material within it. The material
reacts to this flux by contracting or expanding.
For nickel, the effect is a contraction. This
mechanical action is transmitted as a sound
wave in the material, which is presumably in the
form of a ribbon. This wave is launched in two
directions, as shown in Figure 1, one wave from
each end of the coil. One of these waves can
reach the receiver only after reflection from the
end of the line. The latter is termed the indirect
wave and the other, the direct wave,

BIASING MAGNET

scribed here make use of the C

magnetostrictive properties of
some metals (such as nickel or

INDIREGT SOUND DIRECT SOUND
WAVE < — WAVE NICKEL
i e i o 1
o J)" V!) RIBBON
TRANSMITTING REGEIVING
TRANSDUGER TRANSDUGER

monel) to produce this sound
wave and to convert it back
to an electric signal.

The magnetostrictive effect
is described briefly as a change
in length of a material when subjected to a
magnetic field. The reciprocal effect is the change
in flux in the material (if in a magnetic field)
when subjected to a mechanical strain.

Figure 1—Magnetostrictive delay line showing general arrangement of
transmitting and receiving transducers along the ribbon of magnetostrictive
material, which may be nickel.

The direct wave propagates along the ribbon
to the receiver coil. The nickel in this coil is
subjected to a magnetic biasing field. The
mechanical strain associated with the sound wave

TABLE 1
QUALITATIVE COMPARISON OF AVAILABLE PULSE-DELAY SysTEMS
Delay C Attenuation . e . .
T 13 elay clm— Recovery as Func- Pulse . Amplitude | “Activity Insertion Size of
ype of Line txl;m(_)usy Time tion of Distortion | Distortion | of Circuit Loss System
ariable Delay
onund Lines No Excellent | Poor Excellent | Excellent No No Large
Liquid Supersonic Lines with |Average |Excellent|Excellent| Excellent| Excellent No Poor Excellent
Carriers
Solid Supersonic Lines; Glass, | Average | Excellent | Excellent| Excellent | Excellent No Poor Excellent
Quartz
Metal Ribbons as Magneto-| Excellent | Excellent | Excellent | Average | Average No Poor Excellent
strictive Lines )
Delay Multivibrator and Phan- | Excellent | Poor Excellent — — Yes Excellent | Excellent
tastron
Pulse-Excited and Resonant Cir- | Excellent | Poor Excellent — — No Excellent | Excellent
cuit
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reaches the receiver coil and causes a change in
magnetic flux in the piece of ribbon within the
coil. This change in flux is responsible for the
output voltage of the receiver transducer. The

_/\ —pTIME

INPUT
PULSE
SOUND WAVE
ON LINE ~3 nput
4t " pyLsE)
OUTPUT
. SIGNAL _-_‘_d.. (SOUND
9t" waveoN
LINE)

Figure 2—Pulse signals in the system. The output pulse
approximates the second derivative of the input pulse.

velocity of sound propagation for a longitudinal
wave along a ribbon can be shown to be

v=(E/p)%, (1)
where

E=Young’s modulus for the material of the rib-
bon
p=density of the material.

The time required for a pulse to be propagated
along the ribbon is

From this figure, it is evident that sizable
delays can be contained in reasonable lengths of
ribbon. For instance, one foot of ribbon yields
63 microseconds delay.

A comparable wound line (such as the com-
mercially available RG/62U) would be about
100 feet long and have approximately 100
decibels of attenuation. A supersonic line such as
described here will have 35 decibels of attenua-
tion, which is fixed and will not vary appreciably
with delay.

4. Nature of Pulse Response

The fact that the receiving coil in the magneto-
strictive line is sensitive to variations in strain
in the coil aperture, means that the output
voltage is essentially the derivative of the sound
wave in the ribbon, i.e.,

L

where the expression in square brackets is a
wave strain function.

In addition, it can be shown that the trans-
mitting transducer behaves in the same manner,
i.e., produces a sound-wave response that is
approximately the derivative of the input signal.

The result is that the output pulse approxi-
mates the second derivative of the input pulse.
This is shown diagrammatically in Figure 2.
This response, while showing considerable phase
and amplitude distortion as mentioned above, is

t=L/v
“ L) @

where

t=delay time
L=distance between
input and output
transducers.

Thus, for 99.9-per-
cent-pure-nickel ribbon
and for a temperature
of 60 degree centigrade,

v is calculated to be
1.58X10* {feet per
second or a time delay
of 5.27 microseconds

per inch of path length.
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Figure 3—Pulse response. The numerical time values are all in microseconds.
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useful in many applications because of the possi-
bility of using reshaping circuits.

Oscillograms of pulse input and output shapes
are shown in Figure 3 for input pulses of 1.5-,
2.5- and 4-microseconds duration. It is evident
that the poor low-frequency response of the
system restricts its use to narrow pulses of

velocity to voltage.) Therefore, the equivalent
electrical Zy of the ribbon is also expressed as
1/Z, electrical ohms. This means that the Q of
the combined antiresonant section plus the me-
chanical load due to the ribbon has a value close
to one.

However, it is found in practice that the
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Figure 4—Electromechanical equivalent circuit of a magnetostrictive delay line. In the equations, ¢ =area of the
ribbon, C=nparasitic input and load capacitance, E=Young’s modulus for the material of the ribbon, Z,=a/(pE)},
Zz=clamped inductance of the transducer, ¢ =electromechanical coupling, and p=density of the material of the ribbon.

relatively constant duration. However, in the
Navar application, it was quite feasible to use
the line for delaying pulses varying between 1.5
and 4 microseconds in duration.

An analysis? of the magnetostrictive transducer
gives an equivalent circuit for the transmitting
and receiving portions as indicated in Figure 4.

It is interesting to note that the mechanical
load on the transducer, namely, the ratio of the
velocity of the wave in the ribbon at the end of
the transducer to the force it produces on the
load, is in this case the mechanical characteristic
impedance of the ribbon to sound conduction,
i.e., the mechanical Z, of the ribbon. But the
antiresonant element of the drive circuit as
shown in Figure 4 has the same electrical char-
acteristic impedance. The equivalent electrical
impedance of this resonant section is given in
electrical units by

Z=-L tan ol

7, tan (4)

where

Zo=mechanical characteristic impedance of line
w=2nf of the signal
!=mechanical length of transducer
v=velocity of sound in transducer (equal to
that in load).

(We are considering the electromechanical anal-
ogy where force is equivalent to current and
2W. P. Mason, “Electromechanical Transducers and

Wave Filters,” D. Van Nostrand Company, New York,
New York; 1942: p. 215.
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inductance Zy, (as shown in Figure 4) combined
with the effects of the parasitic load capacitances,
is an important factor in determining the band-
width of the line.

The over-all equivalent circuit of the delay
line consists of two such units back-to-back and
separated by an attenuating network having a
characteristic impedance equal to the reciprocal
of the mechanical impedance of the ribbon.
This is also shown in Figure 4.

From the equations for the resonant frequency
of the shunt element (which is just the mechan-
ical resonant frequency of the transducer
element), we note that as the length of the ribbon
in the transducer is increased, the low-frequency
response will be improved at the expense of the
high-frequency response. It is thus possible to
stagger the responses of the input and output
transducers and get an over-all bandwidth that
is noticeably larger (approximately 1.2:1) than
that of either network alone. Of course, the
amplitude of the response is deteriorated in
about the same ratio.

Inasmuch as the Q of the antiresonant element
of the network is not. dependent on the dimen-
sions of the ribbon (if we assume complete flux
penetration of the nickel) the only other way in
which the bandwidth can be improved is by
affecting the value of the transducer inductance
and stray capacitance. The amplitude of the
response will also be improved if the magnitude
of the inductance Z; is decreased provided the
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value of ¢ is kept low (large electromechanical
coupling). This means that the value of stray
magnetic field must be as low as possible and, in
addition, we must use an inductance as small as is
consistent with good electromechanical coupling.

Figure 5—Constructional details of transducer coils.

This is accomplished by using a minimum num-
ber of turns and a magnetic shield around the
transducers to confine the flux to the nickel path.
This is illustrated in Figure 5 showing the
construction of the coil.

In addition, the bandwidth is improved when
the network is driven by a source of low im-
pedance, since in this way the shunting effects
of the parasitic input

suppression of the effect of these echoes are
described below.

First, it is evident that the self-damping in the
ribbon is quite small. To attenuate the echo by
20 decibels, compared to the direct signal,
approximately 2000 microseconds of delay is
necessary.

To increase the attenuation to echoes only,
damping pads are brought to bear against the
ends of these ribbons. These pads are made of
neoprene and are held in place by a clamp
system. The attenuation of such a pad 1.25-
inches (3-centimeters) long is approximately 7
decibels. Thus, the echo of a sound wave will be
14 decibels below the direct signal inasmuch as
the echo must pass through the damping cell
twice if it is located at the end of the line.

However, even echoes of this level can be
objectionable. For instance, if a signal contains
many pulses, each having a definite and im-
portant time relation with respect to the others,
the echoes will tend to disturb this time relation
and, in addition, cause a level of confusion

and output capaci-
tances are minimized.

5. Echo Suppression
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) Figure 6—Echo-suppression system. The echo from the free end of the ribbon in 4
is of opposite phase to the direct wave and the echo from the clamped end is in phase
with the direct wave. The effects of the echoes thus cancel. B shows the mechanical

and C shows the polarities of the primary and secondary
in phase with the direct wave.
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similar to noise on the line. To reduce the effect
of the echoes even further, the systems described
below can be used.

Basically, one method attempts to cancel
echoes against one another. We note that if a
ribbon conducting a sound wave is clamped at

wandering of the ends of the two ribbons with
respect to each other in an echo-suppression unit.

The phases of the echoes from the first re-
flection are of opposite polarity on correspond-
ing pairs of ribbons. Considering the echo of the
direct wave only, and confining ourselves for the

Figure 7—A typical magnetostrictive delay line. The pulleys and cables permit the positions of three receiving coils
to be varied with respect to the transmitting coils and thus adjust the delay time.

its end in a relatively large elastic mass, the echo
returning from this end is in phase with the
direct pulse on the line. On the other hand, if
the end of the ribbon is left free, the echo will be
found to be of opposite phase to that of the
direct signal. This is shown in Figure 6A. If,
as in 6B, two identical ribbons are used in
parallel, the distance between the receiving
transducer and the ends of the ribbons is
identical, and the end of one ribbon is clamped
while the corresponding end of the other ribbon
is left free, the two echoes, one on each ribbon,
exactly cancel each other insofar as their effect
on the receiving transducer is concerned.

This means that the effect of the primary echo
returning from the end of the line can be com-
pletely suppressed. However, the echoes are still
present on the lines; they merely cannot produce
an output for this first reflection.

In cases where it is desirable to suppress the
indirect wave, it does not matter which end of
which ribbon is clamped or free. All that will
happen is that the second-order echo (that re-
sulting from a second reflection) will be either
positive or negative with respect to the direct
signal. This is easily shown to be the case by
referring to Figure 6C. Mechanically, it is best
to have a given ribbon of the pairs arranged
with both ends clamped or free to prevent
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‘moment to the sequence of events at the trans-

mitting end of the line, we find that if we again
clamp one of the ribbons and allow the other to
be free, the phase of one of the echoes is again
reversed. The second-order echoes for this
arrangement must, therefore, be in phase and,
hence, will produce an output in the receiver
coil. If a damping pad is arranged at either end
of the line immediately preceding these echo-
cancellation terminations, the echoes will have
passed through the damping pads a total of 4
times before they can produce an output in the
receiver coil. In this way, an echo reduction of
28 decibels on the line is obtained.

If we do not treat both ends of the delay line
similarly with respect to this echo-cancellation
scheme, then a first-order echo or indirect wave
will always be present in this system. The
mechanical arrangements of supports and damp-
ing pads are shown for a typical line in Figure 7.
Of course, this method can be extended to any
even number of ribbons in a line system.,

A second method of echo reduction is ac-
complished by the use of noncoherent reflection.
Many ribbons are used in this case, each thread-
ing through the transmitting and receiving
transducers as for the two-ribbon case described
above. Here, however, the lengths of the ribbons
are randomly selected, and the resultant group
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of echoes from the open ends are not coherent.
As a result they produce no appreciable output
in the receiver coil. A damping pad is still used to
attenuate these echoes as much as possible to
prevent the formation of a high noise level on the
line. ,

An additional advantage resulting from the use
of many ribbons is the decrease on the insertion
loss of the network. The parameter ¢ is decreased
thereby giving a larger coefficient of electro-
mechanical coupling. This is also true of the
preceding method of echo suppression.

Hence, it can be said that

B _ L E )
oT E 8T

This is approximately 5 parts per 10* per
degree centigrade per microsecond delay.

For this reason, it is necessary to operate the
lines in an oven that is temperature controlled
if precise values of delay are to be obtained. For
a 100-microsecond line, however, with a 20-
degree centigrade temperature variation, only

Figure 8—In this line, the sum of the delays of two pulses is a constant, the position of the transmitting transducer
being adjustable between the two receiving coils.

6. Variability of Delay with Temperature
From (2), the variation of delay with tempera-
ture is given by
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(5)

where

T =temperature
o =reference length
po=reference density.

But
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For nickel
dL
a—j:oz 1075 per degree centigrade
190E
Far™ 10~% per degree centigrade.
52

about %-microsecond variation in delay will be
observed. For some applications, this is not
considered serious.

7. Description of Practical Delay Line

Three versions of a practical delay line are
shown in Figures 7, 8, and 9. Two of these lines
are arranged for a variable delay. In Figure 7,
three coils are varied in position with respect to
transmitting coils by use of a pulley-and-cable
arrangement. A definite ratio of the delays for

TABLE 2

CHARACTERISTICS OF A TyPIcalL NICKEL-RIBBON
DELavy LINE

Delay 90 microseconds
Insertion Loss 35 decibels
Bandwidth 300 kilocycles
Center Frequency 200 kilocycles
Ribbons

Material | 99-percent nickel

Number 2

Size 0.008 by 0.020 inch (0.2 by

0.5 millimeter)

Input Impedance 500 ohms
Output Impedance 50 chms
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two coils is obtained by arranging a definite ratio
between the diameters of two pulleys and driving
the pulleys from a common shaft. Each coil is

driven by the appropriate cable.

Both transducers were wound with size 40
(American Wire Gage) enamelled copper wire to
an inner diameter of 1/16 inch (1.6 millimeters).
The transmitting coil had 200 turns in a form

Figure 9—A fixed-delay line.

In another of these lines, shown in Figure 8§,
the delay between two pulses is varied in such a
way that the mean value of the delay for both
pulses is a constant. This is done by varying the
position of the transmitting transducer, which is
located between the two receiving transducers.
A fixed line is illustrated in Figure 9.

A typical design using nickel ribbons had the
characteristics and performance data given in
Table 2.

3/16-inch (4.8-millimeters) long and the receiv-
ing coil had 100 turns in a length of 1/8 inch
(3.2 millimeters).
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Recent Telecommunication Development

200-Kilowatt Triode

HE NEED for increased
transmitting power,
particularly for international
high-frequency broadcasting,
prompted the development
of a new triode designated
the F-5918. 1t is suitable for
use as a radio-frequency am-
plifier, oscillator, and class-B
modulator,operating at max-
imum ratings at frequencies
as high as 22 megacycles per
second.

A multistrand filament of
thoriated tungsten produces
adequate emission with a
power of 4275 watts; 150
amperes at 28.5 volts. The
several hairpin filaments can
expand individually, thus
avoidingstresses thatare con-
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ducive to filament warping.

The anode is of high-con-
ductivity copper and is water
cooled. It is capable of dis-
sipating 60 kilowatts in con-
tinuous commercial service.
Power outputs of the order
of 200 kilowatts may be ob-
tained in telegraph operation
with driving powers of less
than 4 kilowatts.

The tube was designed and
is manufactured by Federal
Telephone and Radio Cor-
poration. Its first commer-
cial application was to in-
crease to 200 kilowatts each
the power outputs of three
of the WLW ‘“Voice of
America’” high-frequency
transmitters.
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Note on the Measurement of Impedance with the
Impedometer™

By W. SICHAK

Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey

BTAINING an impedance from meas-
urements made with the impedometer!
is simplified by using the Smith chart.

The impedometer gives directly the reflection
coefficient and the wvoltage
at a point on the line. Draw
a circle with radius equal to
the reflection coefficient
around the center of the
chart. Draw another circle
with the radius equal to the
probe voltage, using the
R/Zy =0 and X/Z,
point as the center. One of
the intersections is the im-
pedance at the probe. If the
reflection coefficient decreases
(or probe voltage increases)
when shunt capacitance is
added at the probe, the
impedance is inductive. If
the reflection coefficient in-
creases (or probe voltage decreases), the im-
pedance is capacitive. '

The basis for this construction is illustrated in
Figure 1, which shows a Smith chart (the R and

* Reprinted from Proceedings of the I. R. E., v. 38, p.
951; August, 1950.

1B. Parzen *“Impedance Measurements with Di-
rectional Couplers and Supplementary Voltage Probe,”
Electrical Communication, v. 26, pp. 338-343; December,
1949: Proceedings of the I. R. E., v. 37, pp. 1208-1211;
October, 1949.
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X coordinates are omitted for clarity). The inci-
dent wave is a vector, with length equal to the
radius of the chart, lying along the real axis. The
reflected wave, of length K, is a vector whose
phase depends on the posi-
tion along the transmission
line. The voltage V at any
point on the line is the vec-
tor sum of the incident and
reflected waves.

This method is useful
when the Smith chart is
used either to present im-
pedance data or as an aid
in designing matching net-
works.

To avoid calculation, a scale
can be constructed and used
repeatedly. The scale can be
marked in voltage, power, or
decibels. A distance equal to
the radius of the Smith
chart corresponds to a reflection coefficient of
unity (0 decibel), a distance equal to half the
radius corresponds to a reflection coefficient of
% (—6 decibels), etc. The length of the scale
is twice the radius, so that the same scale can
be used for the probe voltage. A Smith chart
with such a scale printed in a convenient posi-
tion is available commercially.?

¥)

? The Emeloid Company, Hillside 5, New Jersey,
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Some Properties and Tests of Magnetic Powders
and Powder Cores*

By C. E. RICHARDS,

Post Office Engineering Research
Station; London, England

P. R. BARDELL,

General Electric Company,
Limited; Wembley, England

OWDERS of iron or iron-nickel alloys can
be made either mechanically or chemi-
cally. The particles are then insulated

and pressed into cores; high-permeability cores
must be annealed after pressing. The permeabil-
ity of the core depends mainly on the effective-
ness of packing of the particles.

Various systems of expressing the electrical
losses are in use and conversion factors are given.
In laboratory work, bridges and a Q-meter tech-
nique can be used to measure the permeability
and losses; for control of core production, a per-
meameter is useful as well as the bridges.

Data are given for various materials, both
commercial and experimental, including some
ferrites; and it is shown that, in typical inductors,
the losses in the windings may exceed the losses
in the cores.

1. List of Symbols

h=Legg’s coefficient for hysteresis
¢=Legg’s coefficient for residual loss
e=Legg's coefficient for eddy-current loss
¢’ =a similar coefficient for residual loss propor-
tional to f?
e;=a similar coefficient for total eddy-current loss
of coil and core
d = particle diameter
f=frequency
B =peak flux density
* Reprinted from Proceedings of The Institution of Elec-
trical Engineers, Part 11, v. 97, pp. 236-245; April, 1950.
Presented at a Symposium on Ferromagnetic Materials,
London, England, on November 7, 1949. )
This is an “integrating’”’ paper. Members are invited
to submit papers in this category, giving the full perspec-

tive of the developments leading to the present practice in
a particular part of one of the branches of electrical science.
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and

S. E. BUCKLEY,
Standard Telephones and Cables,
Limited; London, England

A. C. LYNCH

Post Office Engineering Research
Station, London, England

C =self-capacitance
G =conductance = associated with the
capacitance
L =total inductance
L, =inductance due to core
AL =increase of inductance due to hysteresis
R =total resistance
R,,=component of resistance of wound core,
due to losses in core
AR =change of R,, due to hysteresis
v = (volume of particles)/(total volume)
p=permeability
p=resistivity of particles.
(Other symbols are introduced and defined in
Table 1.)

self-

2. Introduction

Powder corest for transformers and inductors
are not a new development. They were first
mentioned in the literature by Heaviside in 1886,
though they did not come into general use in
telephone transmission until about 1915, when
iron-powder cores were introduced in the United
States to replace wire cores. Iron powder gave
way to the.lower-loss nickel-iron in 1925. Since
then changes have been in detail, until the last
year or two when the ferrite-type cores were
introduced.

Although some of the earliest materials are
now seldom used, the others all have their own
particular fields, and to-day the selection of iron
powder, nickel-iron powder, or ferrite, depends
on the exact performance required from the

finished coil.

t The term “powder core” is used in this paper in place
of the more usual “‘dust core.” Some of the powders de-
scribed are too coarse to be reasonably given the name of
“dust.”
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In telephone transmission systems, powder
cores are used to reduce attenuation in cable cir-
cuits by adding inductance (loading coils), and to
select appropriate frequencies in multi-channel
carrier-frequency systems (filter coils). To a
limited extent they are used for transformer cores
for high frequencies. Loading-coil cores, particu-
larly those for audio-frequency circuits, are gen-
erally of relatively coarse powder of the high-
permeability type. This results in eddy-current
losses which can, however, be tolerated, and small
size, so that a large number of coils can be accom-
modated in a small manhole. Hysteresis is im-
portant as it causes harmonic distortion. Filter
coils must normally have low losses, and, al-
though hysteresis is important, other losses can-
not be neglected and finer powders are more
usual. Ferrites have recently been used for this
purpose on the Continent.

In radiocommunication powder cores are used
in filter circuits and perhaps for transformer
cores; also they are becoming popular for per-
meability tuning,

3. Manufacture of Materials

For the purpose of this paper magnetic powders
will be considered to consist of all those materials
that can readily be produced in the form of a fine
powder and which, when in that form, have
“soft” magnetic properties. These materials in-
clude iron, certain iron alloys, and some non-
metallic ferromagnetic substances such as the
ferrites, which are salts of the hypothetical ferric
acid HFeO,.

There are three commerically important ways
of producing metallic magnetic powders:

A. Mechanical disintegration of the massive metal in
various kinds of attrition mill.

B. The production of the metal, either directly in the
powder form or as a sinter cake, by chemical reduction of
oxides or other suitable compounds, followed when nec-
essary by mechanical disintegration.

C. The spontaneous decomposition of certain iron com-
pounds or mixtures of them with nickel compounds, during
which the metal is deposited as a fine powder.

Other methods which may be used, or are in
the process of development, are —

D. Electro-deposition.

E. Atomization of the molten metal.
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3.1 MECHANICAL DISINTEGRATION

There are many variants of this process, and
only those known to have been used for making
magnetic powders will be mentioned.

The Hametag (eddy mill) process was evolved
and operated in Germany. The magnetic material
is fed into the mill in the form of wire which is
chopped into short lengths as it enters. In the
mill, the particles are whirled against one another
until they reduce themselves to a fine powder,
and are swept out of the chamber by a current of
inert or reducing gas which flows throught it.
The powdered metal may be fractionated by
sifting, winnowing, or elutriation.

3.2 BALL-MILLING

This is operated on a large scale in this country
for alloys rather than for iron. It is usual to make
the alloys by melting together the constituents in
a high-frequency furnace, and to cast ingots. To
assist the subsequent pulverizing process, some
embrittling agent such as sulphur may be added,
which migrates to the grain boundaries and leaves
the metal in a brittle state. The ingots are hot-
rolled to a convenient thickness, heat-treated to
bring the metal into the brittle condition, and
pulverized in a series of attrition mills. For ex-
ample, large pieces may be broken down in a
swing-hammer mill until they are small enough
to be handled by a large ball-mill. The final
powdering may be done in a ball-mill swept by
air or inert gas to remove the finer particles and
keep the mill cool. The powder is screened, the
smallest particles being collected from the air-
stream by fabric filters. In certain cases the
powder may be annealed and repulverized to
break down any consequent slight sintering.

3.3 REpuceEDp OXIDES

Both iron and alloy powders may be made by
the chemical reduction of oxides. The process for
both types is basically the same, though alloys
may need several additional steps. The raw ma-
terial for iron powder is iron oxide in one of its
purer forms, e.g., high-grade natural red oxide,
clean mill-scale, or chemically prepared oxide.
This substance, powdered if necessary, is ex-
posed to the action of a reducing atmosphere
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(generally hydrogen or cracked ammonia) at a
moderately low temperature. The resulting prod-
uct is a bulky sponge-iron powder which has for
some . purposes very desirable characteristics.
For core-making in general it is, however, usually
too bulky to be handled conveniently in the tools,
and it absorbs more binder than is desirable. It
must, therefore, be densified. This may be

achieved to some extent by milling, but the proc-
ess has limitations and a better way is to sinter in

hydrogen. The resulting dense sinter-cake is
broken down in ore-crushers and finally reduced
to powder in a ball-mill.

When an alloy powder is required the oxides of
the constituent metals are mixed before the first
If this reduction takes plaCt: at a low
temperature a mixture of metal powders will
result; the subsequent sintering process both

converts this mixture by diffusion into an alloy,
and imparts the necessary density.

PApS NS Py
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3.4 SPoONTANEOUS DECOMPOSITION OF IRON OR
NickeL CoMPOUNDS

The only commercial example of this is in the
carbonyl process which has been used since the
end of the 19th century to manufacture nickel,
and which can be modified to handle iron. It
gives a finely divided powder. The raw materials
for this process are coke, steam, and iron ore or
scrap-iron. Coke and steam are used to produce
water-gas which is then separated into its con-
stituents, carbon monoxide and hydrogen. Iron
ore, after a preliminary purifying and crushing
operation, is reduced in a current of hydrogen to
iron sponge ; this sponge, after cooling somewhat,
is subjected to the action of carbon monoxide
under pressure Direct combination takes place
and the iron is converted into iron pe
bonyl, which condenses to a liquid at tempera-
tures below about 100 degrees centigrade. The
liquid iron carbonyl is atomized into a hot vessel
known as a decomposer, where it breaks down
into its constituents, iron and carbon monoxide.
The gas is pumped away for re-use, while the iron
powder falis to the bottom of the decomposer
and is periodically removed.

The whole
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uniform useful product is to be made, as the de-
composition of iron pentacarbonyl may be as-
sociated with an exothermic secondary reaction
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which, unless controlled, will lead to rapid heat-

of the decomnoser with conscguent vari
Ol 1he gecompoeser withh Co iy
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ing ion
in the quality of the product.

Iron powder made in this way consists of
spherical particles having an average diameter of
about 5 microns. It is mechanically very hard,
the estimated hardness being over 850 V.P.N.*
It requires no further treatment beyond a light
uluuug to break up uuthrb, and SlIl’,lIlg to re-
move large or foreign bodies. The metal contains
about 0-8 percent carbon and about 0-25 percent
nitrogen, and has a characteristic “onion skin”’
structure of concentric shells.

A soft, pure-iron powder can be made from the
hard one by heat-treating in a current of hydro-
gen at a temperature just below the sintering
point. This treatment also removes the nitro-
gen, breaks down the onion-skin structure, and

KiL; U LIC S35 wiull y aiila

produces spheres of homogeneous solid iron.
Using the carbonyl process, it is possible to mix
nickel and iron carbonyls and so obtain a mixed
metal from the decomposer. It seems certain that
the metal as deposited is actually a mixture of
iron and nickel which must be heat-treated to
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change the spherical shape of the particles.
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3.5 DEecuUssa Process

this country mainly to produce non-ferrous metal
powders. It has been used experimentally for
producing magnetic iron and iron-alloy powders,
so far without full success, but it is a method
which should be kept in mind. The raw material
is melted and heated until very fluid, usually in
an induction furnace, and is poured through a
vortex of water on to a fast-moving steel rotor.
As the molten metal strikes the blades, it is
broken into minute globules which are immedi-
ately quenched in the water. The process gives
roughly spherical particles of metal ; but they are
covered with oxide, which must be removed by
heat-treating in hydrogen.

2z

2.0

ELECTRO-DEPOSITION

Under suitable conditions iron and nickel-iron
alloys can be electro-deposited either as powders

* Vlckers dlamond pyramid hardness test.

: Numbered references are to fﬂe Dmhograpny, oecuon

10, pp. 68-69.
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or as brittle slabs which can readily be pulver-
ized. Electrolytic iron was at one time used for
telephone-line loading-coils.? An electrolytic
method of depositing Permalloy* has been
worked out'® but it is rather complicated and
does not seem to be in use commercially.

3.7 OTHER METHODS

Powdered iron and some of its alloys can be
produced by other methods, such as metal-spray-
ing and chemical reduction of iron salts; these
methods do not seem to have been developed
commercially and may, for the present, be
neglected.

3.8 NoN—-METALLIC MAGNETIC SUBSTANCES

Although most magnetic materials with which
we are familiar are iron or alloys of iron, the first
magnets ever known were non-metallic.- Lode-
stone, or magnetic oxide of iron, is typical of a
family of magnetic substances known as ferrites.
They are salts of the hypothetical ferric acid
HFeO, and are made by the interaction of ferric
oxide with the oxide of a metal such as nickel,
copper, or cobalt. In general, they have the com-
position RO -Fe O3, where R represents a divalent
metal. Magnetic iron oxide is just a special case,
being in fact ferrous ferrite, FeO-Fe O35 Not all
the ferrites are markedly magnetic, zinc and
cadmium ferrites being notable exceptions.

Ferrites can be made by grinding together ap-
propriate quantities of the necessary oxides and
then heating in air or oxygen to about 1100 de-
grees centigrade. In many cases their magnetic
properties are very dependent on their thermal
history. It is not possible in this brief review to
describe their production in detail, but an indica-
tion of their properties will be given later.

An analogous material is gamma ferric oxide,
a metastable variety of ferric oxide which, being
produced by the gentle oxidation of magnetite,
retains its basically cubic structure and is mag-
netic. If heated to 500 degrees centigrade it re-
crystallizes to the normal hexagonal form, which
is non-magnetic.

4. Core Manufacture

This is a branch of powder metallurgy that is
usually left severely alone in any description of

* Nickel-iron alloy.
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the ‘art. This omission, at first sight strange, is
reasonable since the general aim of the powder .
metallurgist is to produce either a homogeneous
metallic mass or a sponge in which there is a
continuous metallic phase, whereas the core
maker tries to produce a dense compact of dis-
crete metallic particles, each one insulated from
all the others. The art is perhaps more akin to
synthetic-resin moulding than to metallurgy.
Powder cores tend to fall naturally into two
classes according to the pressure used in forming.
The high-pressure type needs pressures up to 100
tons per square inch, whilst the low-pressure type
is generally made at pressures below 20 tons per
square inch. The high-pressure type nowadays
usually requires heat-treatment to anneal the
metal after pressing, but low-pressure cores need
only gentle baking to cure the resinous binder.
High-pressure powder-cores were developed
first and satisfied the need for high-permeability
cores for audio- and carrier-frequency uses; the
low-pressure cores followed when it was found
that they could be used at radio frequencies.

4.1 Hicu-PrEsSSURE CORES

The great majority of high-pressure cores made
to-day are of the toroidal type and are pressed in
sectionalized tools. The first commercial produc-
tion of high-permeability powder-cores yielded a
permeability of 35, the particles being composed
of electrolytic iron powder; pressing was in special
steel tools and the pressure used was around 100
tons per square inch. This pressure was necessary
to obtain close packing of the particles and to
reduce the air-gaps between them. Before press-
ing, the particles were coated with an insulating
layer that had to withstand the strains during
pressing while maintaining separation between
the particles, and yet this layer had also to allow
sufficient interlocking of the particles to ensure
adequate mechanical strength of the core.

When alloy powder-cores of the Permalloy
type were developed, it was found that the
pressed core needed to be heat-treated to obtain
the properties required. This is not surprising,
since the particles are strained beyond their
elastic limit during pressing and all high-per-
meability materials are sensitive to the effects of
strain. The requirements for the insulating layer
are therefore severe: it must be capable of being
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applied as a very thin layer that will withstand
heat treatment of the pressed core, without
breaking down or fluxing, and must also be such
that the core is mechanically strong at all stages
of manufacture. Inorganic silicates and oxides
are suitable as insulating layers; they are applied
to the particles from solutions or suspensions in
water. Often, successive layers are applied. Dur-
ing the heat-treatment the insulating materials
produce a ceramic-like substance. High-perme-
ability nickel-iron powder cores are heat-treated
at temperatures often as high as 600 degrees
centigrade in a controlled atmosphere.

4.2 Low—PressurRE CORES

Many magnetic powders can be packed by
hand into a container ; they then yield an effective
permeability of about 10. Since this is a useful
working permeability for many cores for radio
frequencies, it follows that much lower pressures
can be used for such cores than are necessary for
the higher-permeability types. The magnetic
powder is first insulated with a thin layer of,
usually, inorganic material. A binder, normally
a phenolic resin, is next added either dry or else
as a solution which is then dried off to a controlled
degree. If a dry resin is used the method of pro-
ducing cores follows normal hot-moulding tech-
nique, while if the second method of applying the
binder has been used it is often possible to mould
in the cold state and then to complete the curing
of the resin by a subsequent baking at 100 to 140
degrees centigrade for 3 to 18 hours.

5. Magnetic Properties at Low Flux Densities

By “low” flux densities are meant those for
which the hysteresis loop is well represented by
Rayleigh’s approximation of two parabolae.® In
practice this implies flux densities of the order of
10 gauss or less.

5.1 PERMEABILITY

If particles of magnetic material are uniformly
distributed in insulating material, then the per-
meability of the resulting body is a function more
of the ratio (volume of particles)/(total volume)
than of the permeability of the particles.*—8

The permeability can, however, vary greatly
according to the particle shape and manner of
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packing. Hence the possibility of increasing the
permeability depends mainly on the use of in-
sulation as thin as possible in relation to the
particle size (this will usually involve using larger
particles), on the mixing of particles of different
sizes in proportions that result in close packing,
and on the mechanical softness of the particles
and the application of high pressure.

Within the range of frequencies in which
powder cores can be used without excessive loss,
the permeability is almost independent of fre-
quency; for the skin effect in small particles is
usually negligible, and even when the effective
permeability of the particles begins to fall, the
permeability of the mixture is not greatly af-
fected. For example, for 10-micron particles of
iron of permeability 1000, the quantity =d(uf/p)?
is only 0-2 at 10 megacycles per second. The per-
meability of a particle would then be reduced by
about 0-1 per cent and that of a material having
©=20 by 0-002 per cent.

For a toroidal core, the permeability is a useful
quantity to know, because the inductance of a
coil can be calculated directly from it; but in
other shapes the magnetic leakage may be large,
and then the “‘inductance ratio,” i.e., the ratio in
which the inductance is increased by the presence
of the core, this ratio being valid only for a
particular shape and permeability, is a more
useful piece of information.

5.2 HYSTERESIS

The calculation of hysteresis loss in powder
cores is of interest chiefly at low flux densities.
It can be expressed by an equivalent resistance,
the resistance usually being taken as proportional
to the maximum flux density. Thus the hysteresis
resistance is proportional to current, and the
hysteresis loss to the cube of the current. The
difference between this and the Steinmetz rela-
tion [in which the loss varies as (current)®] is
due to the difference in the shapes of loop under
consideration. If the Rayleigh loop applies, then
there is a relation AR=$§fAL between the in-
creases of resistance and inductance at frequency
f. This holds in practice for many materials.

The hysteresis loss appears to be influenced by
mechanical strain and therefore by the magneto-
striction of the material.®
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5.3 Eppy—CURRENT Loss

If the particle shape is known approximately,
the eddy-current loss is calculable from the re-
sistivity and the particle size; for spherical
particles,

2mid?u

e=——7

where

e=Legg’s eddy-loss coefficient
u=permeability

p=resistivity

d =particle diameter

v = (volume of particles)/(total volume).

This quantity may be very small. There is also
the possibility of eddy currents flowing in larger
paths around the whole cross-section of the core;
this proves to be unimportant in metallic powders
with insulating binders, but in ferrites it becomes
appreciable at frequencies above about 1 mega-
cycle.

5.4 REesipuaL Loss

This is another source of loss not accounted for
by hysteresis and eddy currents. This is known as
“residual loss,” “‘viscosity loss,” or ‘'Nachwirk-
ung.” This type of loss is not usually considered
in stampings, because they are usually tested at
flux densities at which residual loss is masked by
hysteresis. In iron powders this loss is assumed
to be proportional to frequency; in ferrites it
includes terms proportional to the square, and
perhaps to higher powers, of the frequency.

Possible explanations are viscous resistance to
the movement of magnetic domains, and change
of permeability with time. The existence of the
latter effect has been established independently.®

5.5 REPRESENTATION OF LOSSES

The losses are independent of each other at all
low frequencies; the equivalent resistance that
they add to the circuit can therefore be repre-
sented approximately by an expression of the
form

R/ L= phBf+ ucf+ ue'f2+ pef?,

where R.., L, are the resistance and inductance
due to the core, and uh, uc, ue’, ue are coefficients
expressing hysteresis, residual,. residual varying
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with f2, and eddy-current losses. B is the peak
flux density. (This expression is adapted from
that of Legg by the inclusion of the term in pe'.)
For the purposes of this paper pe and pe’, which
cannot be separately measured, can be con-
sidered as a single quantity ue.

For other forms of this expression see Table 1.

6. Apparatus for Measurements: Research
and Development

6.1 GENERAL

Core-loss constants should be measured in the
same frequency range as that in which the cores
will eventually be used, so that any departures
from the assumed law of variation of resistance
will not be too serious. If the eddy-current loss
and the residual loss are to be separated, the test
frequencies should be of the same order as the
frequency at which these two losses are equal.
Thus high-permeability nickel-iron cores are
usually measured at audio frequencies, and car-
bonyl-iron and the lower-permeability nickel-iron
cores at carrier frequencies.

All the methods described for measurements of
losses in powder-core materials are in fact
methods of measuring the resistance of inductors
wound on toroidal cores. From the values of this
core-loss resistance at various frequencies and
currents, the core-loss constants of the material
can be determined.

6.2 Aupio—FREQUENCY BRIDGES

The test coil is preferably of about 100 milli-
henrys inductance and wound in sections to have
a self-capacitance of not more than 100 micro-
microfarads. The corrections for self-capacitance
and conductance will then be negligible.  Tests
may be carried out on a direct-comparison bridge.
Its inductance standards should be large, of high
quality, and of low losses, as they can be if the
bridge is permanently set up and the screening is
adequate. A filter is required between the oscil-
lator and the bridge to reduce harmonics to a
tolerable value. A frequency run at 1 milliampere
testing current at frequencies of, say, 500, 1000,
1500, and 2000 cycles, and a current run at 1, 2,
3, and 4 milliamperes at two of the frequencies
(for example 1000 and 2000 cycles) are required.
Alternatively audio-frequency tests may be made
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by the series-resonance method. But the elimina-
tion of harmonics is then more difficult; also, a
mica capacitor will be necessary to resonate with
the specimen, and great care is needed to ensure
that its conductance is accurately measured and
allowed for.

6.3 SERIES-RESONANCE BRIDGE

A series-resonance bridge for powder-core
specimens has been described by Welsby.!! The
essentials are shown in Figure 1. There must be
two equal fixed resistors, a variable resistor, and
a good variable air capacitor connected in series
with the specimen. An oscillator of good short-
period stability is essential; it may be thought
worth while to use a set of crystal oscillators. The
amplifier used with the bridge must discriminate
strongly (e.g., 60 decibels) against harmonics of
the working frequency. If the specimen arm is
double-screened (or triple-screened for use with
an auxiliary “ballast coil’’), the resistance of the
specimen is measured directly on the variable
resistor. The shunt conductance of the variable
capacitor, and of any strays in parallel with it,
must be kept low and corrected for in the result.
Unless the range of the capacitor is extended by
the use of, for example, mica capacitors, the cor-
rection for self-capacitance of the specimen is

T0 AMPLIFIER

large. If the range is extended in this way, the
correction for shunt conductance of the variable
capacitors becomes uncertain; if a “‘ballast coil”
is used to extend the frequency range, the cor-
rection becomes very large.

The inductance of the specimen may conveni-
ently be between 0-2 and 10 millihenrys, accord-
ing to the frequency range required. Its self-
capacitance must be kept small—say below 10
micromicrofarads. The wire losses may be either
measured on a similar coil wound without a core
(in which case stranded wire should be used), or
calculated (in which case solid wire is better).

This bridge can be made to measure resistance
to within about 2 per cent.

6.4 Q-METER WITH EXTERNAL GALVANOMETER"

In some Q-meters the injected current is
measured by a thermocouple. If such a Q-meter
is provided with an additional galvanometer
connected to the thermocouple output, and this
galvanometer can be shunted to reduce its sensi-
tivity in known ratios (as shown in Figure 2)
then the Q-meter can be used for measurements
by the reactance-variation method without any
use being made of the calibrations of either the
built-in meters or the external galvanometer.
The difference from the usual reactance-variation
method is that, instead of the
voltage in the resonant circuit
being measured with a constant
injected voltage, it is kept con-
stant by detuning the circuit
while the injected voltage is in-
creased in known ratios.

An auxiliary coil is used, and
the difference when the specimen
is connected is observed. The two

BALLAST COIL
(1 vuseo)

Figure 1-—Series-resonance bridge for measurements on powder cores.
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coils may be either in series or
in parallel. This method measures
the resistance within about 3 per
cent, and the result requires a
large correction for the seli-
capacitance of the specimen.
However, the high frequencies
3 available with this method make
it very suitable for measurements
of low eddy-current losses. It is
not suitable for measurements of
hysteresis.
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6.5 WIDE-RANGE MAXWELL BRIDGE

A Maxwell bridge for frequencies of 1 kilo-
cycle to 1 megacycle can be made by using radio-
type resistors in both fixed and variable resistive
arms. The product of the resistances of the two
fixed resistors must be so chosen that the bridge

¢

can be balanced with an air capacitor in the vari-
able arm. Capacitance or inductance must be
added so that this product contains no reactive
term. Two arms—the specimen arm and one of
the fixed resistors—must be of low impedance,
and their junction is earthed (see Figure 3). If a
transformer were used
between the non-earthed
ends of these two arms,
it would introduce large
capacitance and con-

TERH!NALS FOR

ADDITIONAL

ductance to earth. This

10 BE STRAPPED . .
- can be avoided by using,

FOR NORMAL USE

as the first stage of the
amplifier, a valve whose grid

and cathode are connected to
these two points.”® The r
ance of the specimen is read
directly on a conductance box

in the variable arm. A correc-

aciat
1 1T 1TBIbL-

I
EXTERNAL TERMINALS
ADDITIONAL CAPACITOR —y
TERM INALS 0 RANCE é
~ THERNOCOUPLE
INJECTOR
RESISTOR
* —r '

Figure 2—Use of Q-meter with auxiliary components for measurements

on powder cores.

SPECINEN

BALLAST COIL

Figure 3—Wide-range Maxwell bridge for measurements
of losses in powder cores.
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tion is required for the series
resistance of the variable
capacitor; this correction be-
comes large at frequencies
above 1 megacycle. The cor-
rection for the self-capacitance
of the specimen may be made
very small. A Wagner earth
has intentionally not been used,
as it has been found to intro-
duce errors, of unknown origin,
in the measurement of the com-
ponent in quadrature with the
predominant componert of the
impedance of the specimen.
The errors introduced by direct
earthing are of known origin
and can be made tolerably
small.

The accuracy obtained in
resistance measurement is to
within about % per cent. The
wide frequency range available
with any one specimen assists in the measure-
ment of residual loss. As the use of radio-type
resistors limits the attainable accuracy to within
about ! per cent, a separate bridge, operated at
a frequency such as 300 kilocycles, is needed for
hysteresis measurements.

63



Useful confirmation of the residual-loss meas-

urements can be obtained from a further bridge,

measuring the change of resistance between two
audio frequencies (such as 1 and 4 kilocycles).

6.6 TEMPERATURE COEFFICIENT OF
PERMEABILITY

The temperature coefficient of the inductance
of a coil is not necessarily the same as that of the
permeability of the core on which it is wound.
Measurements on the core alone can be made if
the temperature of the coil is kept constant while
that of the core is varied. However, the shape of
the test core should resemble those used in prac-
tice, as it is not certain that the material is
isotropic.

Measurements on a complete inductor in-
volve the mechanical behaviour of the winding
and also the temperature coefficient of its self-
capacitance. To eliminate the latter effect, we
may measure the temperature coefficients of the
apparent inductance at two frequencies; we then
have two equations from which the temperature

‘coefficients of the permeability and the self-
capacitance can both be calculated.

For either type of measurement, the change in
inductance must be measured to within about 1
part in 10 000. This may be done with a bridge
circuit, or alternatively by using the inductor in
the tuning circuit of an oscillator running at
about 100 kilocycles. In the latter case it is es-
sential either to use an oscillator of which the
frequency is independent of the magnitude of the
losses in the tuning circuit or to keep the losses
constant throughout a measurement.

7. Apparatus for Measurements: Control
of Production

The following tests are carried out:—

A. Measurement of permeability

B. Determination of core losses, including the resolution
of core-loss coefficients

C. Measurement of magnetic stability
and, in special cases only,
D. Determination of temperature coefficient of perme-

ability, as described in Section 6.

The tests are made on sample cores from a
sample mix of each batch of powder manufactured,
and check tests are made on each production lot
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of cores from each accepted batch of powder.
For loading coils, the final acceptance tests in-
clude measurement of total effective resistance
and measurement of increase in effective resist-
ance brought about by a given increase in coil
current.

Tests in all cases are made on ring specimens.

7.1 MEASUREMENT OF PERMEABILITY

The result of the measurement of permeability
on the trial core is used to make any necessary
modification to the processing of the insulated
powder for subsequent cores to be made from the
same batch of metal powder. Two types of per-
meameter will be described, since the first
method, although it has now been abandoned
by the authors, is of considerable historic interest.

7.1.1 Kelsall Permeameter™

In this permeameter a primary coil of very-
high inductance is enclosed in a copper shell
which acts as a very-low-impedance secondary
circuit. The shell is so arranged that a lid can be
removed and a core inserted to be interlinked be-
tween the primary and secondary. From meas-
urements of the primary inductance before and
after insertion of the test core the permeability
of the core can be assessed. Unfortunately the
results vary according to the resistance of the
secondary (i.e., with the fit of the lid), and this
tends to change, particularly with wear. For this
reason, the use of this type of permeameter has
been abandoned by the authors.

7.1.2 “Twenty-Turn” Permeameter

The core is placed in a hinged jig, which when
closed consists essentially of a number of turns
embracing the toroid. The turns are series-
connected and the inductance is measured (at
800 cycles) on an inductometer giving a direct
reading. The apparatus is calibrated by inserting
cores of known permeabilities which have been
assessed by applying single-layer windings and
measuring their inductances on a Campbell in-
ductometer.

7.2 DETERMINATION OF CORE LOSSES

7.2.1 Separation of Loss Coefficients

Tests to determine the contribution of the
three sources of loss—hysteresis, residual, and
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eddy current—to the total effective resistance of
a coil wound on the test core are made on a small
number of cores selected at random from. each
production batch.

In one example of routine measurements, the
test core is wrapped with 4 thicknesses (2 lapped
layers) of paper tape and is then wound in four
sections (balanced in two halves) to an induct-
ance of 10 millihenrys (=40-2 millihenry). The
wire is single-strand 28 Standard Wire Gauge
copper. The effective resistance of the winding is
measured at 4 and 8 milliamperes at each of the
frequencies 4, 8, and 16 kilocycles on a series-
resonance bridge.

Care must be taken with the contact resistance
in the resistive arm, which may introduce errors
of the order of 0-01 ohm which are important
when low-loss cores are being measured.

The 4-8-16-kilocycle oscillator feeding the
bridge is crystal-controlled.

A heterodyne detector is used, giving a 1-kilo-
cycle signal which is measured by visual (meter
or “‘magic eye’’) or aural means.

The readings of effective resistances are used
to evaluate the three coefficients u#, uc, and ue,
corresponding, respectively, to hysteresis, resid-
ual, and total eddy-current loss of coil and core.

7.2.2 Measurement of Core Eddy-Current Loss
Factor

For coils wound on cores of low permeability
(below 50) the eddy-current loss in the winding
swamps that in the core and a separate measure-
ment of eddy-current loss, using a low-loss coil,
is made on such cores. For this purpose a winding
of 30 turns of 243-strand litz wire is used and is
tested at a frequency depending on the perme-
ability of the core, namely

Nominal permeability 50: test frequency=
700 kilocycles

Nominal permeability 25: test frequency=
1000 kilocycles

Norminal permeability 14: test frequency=
1500 kilocycles

Under these conditions the loss resistance is
mainly due to eddy-current losses in the core. A
correction is made for the loss in the winding.
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7.2.3 Degree of Accuracy

The method of measurement of loss coeffici-
ents outlined above is open to errors that are
difficult to assess accurately as they depend on
stray resistances in capacitors and contact re-
sistances in the decade resistances and slide-wire.
As a result of general experience and the analysis
of results obtained on a reference core measured
from day to day over a long period, the degree to
which the various results should be expressed is
about 10 per cent for wh, about 1X103 for uc,
about 5 per cent for ue;, and about 1X10~? for
low values of ue or 10 per cent for high ones.

7.3 MAGNETIC STABILITY

For many requirements, e.g., for loading-coil

. cores as described in the specification'® of the

Comité Consultatif International Téléphonique,
it is important that the permeability of a core
should not be greatly changed by the passage of
a large surge of direct current through the coil
winding. The usual pulse given is 1000 ampere-
turns for 5 seconds. The coil is then allowed to
recover for 5 minutes and the inductance is re-
measured. The change is expressed as a percent-
age of the inductance before polarizing and is
usually less than 1 per cent.

7.4 DETERMINATION OF PARTICLE SIZE

Various methods are available and have been
used from time to time, the most popular being
sedimentation, air permeability, and microscopic
examination.

7.4.1 Sedimentation

The rate at which a small particle falls through
a viscous liquid under the influence of gravity
depends on the densities of the particle and the
liquid, the diameter of the particle, and the
viscosity of the liquid. For given materials the
rate of fall is proportional to the square of the
diameter of the particle. Sedimentation rate can
be measured, and from it the distribution of the
size of particles can be calculated.

7.4.2 Adir Permeability

A current of air flows more readily through a
bed of coarse powder than through an otherwise
similar bed of fine powder. Gooden and Smith!¢
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have derived the mathematical formulae and
developed a convenient instrument in which air
at constant pressure is led to the packed powder
sample in a tube. The flow of air through this
packed bed of powder is measured by a flow
meter, calibrated directly in particle diameters.
The particle diameter so measured is a statistical
average.

7.4.3 Microscopic Examination

The powder is spread very thinly on a micro-
scope slide, and the diameters of (say) 100 ran-
domly selected particles are measured using a
micrometer eyepiece. The method is tedious, and
it is difficult to be certain that a random selection
has been made, but it is probably the simplest
way of determining particle-size distribution.
This method is more difficult with the very fine
powders, which contain a high proportion of
particles of less than 1 micron diameter.

8. Summeary of Properties

It may be easier to determine the magnetic
properties of a given material in sheet than in
powder form, but the measurements on one are
not readily converted to be useful for the other.
Probably the most noticeable differences between
measurements on sheet and powder are in the
permeability and the eddy-current losses. Even
with the thinnest laminated core the permeabil-
ity in the required direction is substantially that
of the massive material, but, no matter what the
permeability of the solid, it is not possible to
make a metal powder core with a permeability
much exceeding 125. This effect is clearly shown
in Table 2, which gives values of permeability for

TABLE 2

Permeability of
Experimental
Powder Core

Permeability

Material of Solid1?

Iron ’ 250 75
Nickel 150 30
50/50 Nickel-Iron 2000 80
80/20 Nickel-Iron (Annealed) 2000 80
80/20 Nickel-Iron (Flatter Particles) 2000 110

material in solid (sheet) form and in the form of
powder cores. Each of the powder cores was in-
sulated by the same process, using the same per-
centage of filler.

The permeability of 80/20 nickel-iron, as gen-
erally used in laminated cores, is increased to at
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least 8000 by quenching from about 600 degrees
centigrade, a process which cannot be applied to
powder cores.

It is also difficult to correlate data on loose
powder materials with test data on finished cores,
but in spite of this there are certain guiding lines
that can be followed. As will be seen from the
data, the same arguments cannot always be ap-
plied to alloys and to iron powders.

Particle size has approximately the predicted
effect on the eddy-current loss. With nickel-iron
powders, low hysteresis loss seems to be associ-
ated with large particles, but with carbonyl iron
grade E the reverse is true (Table 3).

TABLE 3
M .
Materil partice | Tysiepesls o
Microns uh X 108
Nickel-Iron >15 0-070-0-079
<15 0-093-0-118
Carbonyl E (Experimental) 5-9 0-28
3-6 0-07
2-5 0-025
1-3 0-035

There are also one or two simple empirical re-
lationships, ‘e.g., for nickel-iron, hysteresis loss
increases directly with oxygen content, and with
carbonyl iron (partly decarburized) hysteresis
loss and peremability vary inversely as the car-
bon content, for a given forming pressure.

To the designer of coils and equipment mag-
netic data of the core material are important,
and Table 4 gives a review of the properties of
many materials that can be used. Other points
to be watched are the strength of the finished
cores and the ease of manufacturing them. As a
very broad generalization, the mechanically dis-
integrated and the soft powders are easier to
form into strong cores than the hard spherical
ones like Carbonyl E. As this is to some extent
due to the ease with which the particles can be
deformed, it is liable to be associated with
difficulty in insulating.

Another point to be borne in mind is that
nickel-iron alloys that are of the 78/22 class of
alloy generally need heat treatment after press-
ing if their best properties are to be achieved.
Thus it may be difficult to decide whether a core
of permeability 50 should be made of soft iron,
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not needing heat treatment, or 78-per-cent
nickel-iron, which must be heat treated after
pressing.

The magnet
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ferrite type of magnetic powders. These do not
all represent commercial grades, and are only
included as typical of the various materials.
Ferrites are so susceptible to heat treatment and
admixture that they cannot be adequately dealt
with in a table of this kind.

When coils are to be designed it is important

to remember that the total effective resistance is
not composed entirely of the direct-current re-
sistance and the core loss, but may have com-
ponents due to three other factors,
eddy-current loss in the winding and the effects
of self-capacitance and its associated conduct-
ance. Thus,

namely

where

R =direct-current resistance + copper eddy-cur-
rent loss + core loss

L =inductance of the coil

C =self-capacitance of the coil

— candiirtanee of tha calf Aot v,
= Colductalce 01 né sei-Capacitaince=wC X
power factor. (In Figures 4 and 5 the power

factor is taken as 1/120.)

In Figures 4 and 5 the coil performance is shown
as the variation of power factor with frequency.
The lower (unshaded) portion gives the direct

core losses,

while the upper (shaded) portion
represents th_e effects arising from the winding.
The direct-current resistance depends on the
core size and permeability and on the gauge of
wire used. The copper eddy-current loss is deter-
mined by the degree of stranding. The seif-cap-
acitance and its conductance are dependent on

RH4w?L2G indi e
effective resistance = + 1 the arrangement of the winding and the nature
(1—w?LC)? of the insulation between turns.
TABLE 4
Binder, in Pe bilit Hysteresis Residual C ﬂ‘i Eddy-C
Per Cent by rmeability Coafficient esidu oe cient y-Current Loss
Weight H uh X 108 pe X 1 Coefficient ue X 108
Pressure in Tons per Square Inch 20 50 20 50 20 50 20 50
120 024 6 —
80/20 Nickel-Iron, 100 Tons per 90 019 5 —
Square Inch Pressure, Heat- 50 0-17 3 0-25
Treated 25 014 2 0-08
12 0-16 1 0-03
1 125 0-15 4 2-7
2/81/17 Molybdenum-Nickel-Iron, 3 26 0-18 2 0-2
90 Tons per Square Inch, Heat- 3 26 0-16 6 0-13
Treated 12 14 014 1-5 0-10
12 14 0-12 33 0-05
Electrolytic Iron, 80 Mesh, 90 Tons
per Square Inch 1 35 17 3-8 31
Electrolytic Iron, 200 Mesh, 90 Tons ’
per Square Inch 3 26 2-1 36 0-8
Electrolytic Iron, 200 Mesh 4 17 24 4 46 30 30 0-5 0-6
Electrolytic Iron, 325 Mesh 4. 16 23 3-8 35 20 30 03 0-4
Carbonyl Iron MC 4 14-5 22 0-53 0:55 14 13 0-01 0-02
Carbonyl Iron ME 4 10-8 12+7 0-05 0-06 2:3 2-5 0-002 0-002
Carbony! Iron MF 4 9 10-5 <0-02 <0-02 <1 <1 <0-002 <0-002
Carbonyl Iron, Foreign C 4 16 22 1-6 1:4 12 10 0-04 0-04
Carbonyl Iron, Foreign E 4 10-5 12 01 01 4 4 0-005 0-:006
Carbonyl Iron, Foreign H 4 10 11-5 0-07 0-04 2 2 0-002 Q-002
Carbonyl Iron, Foreign SF 4 10 0-02 0-02 1 2 <0-002 <0-002
Carbonyl Iron, Foreign L 4 25 30 3 3 12 11 0-15 0-13
Reduced Iron 19 — 1 — 14 — 0-06 —
Sendust 60 0-34 11 0-2
Magnetite 8 42 — 0-04 _— 7 — <G-002 —_
~ Ferric Oxide 8 49 — 0-8 24 — 0-006 —
Copper Ferrite Sintered 8 20 50 0-35
Nickel Ferrite Sintered 12 5-4 22 0-04
Magnesium Ferrite Sintered 6 4-4 35 0-005
Manganese Ferrite Sintered 100 4-5 40 0-2
Grey Cast-Iron, 140 Mesh 4 12-5 14-5 35 40 20 30 0-12 016
White Cast-Iron, 200 Mesh 4 7 2 2 20 30 0-01 004
Cast Iron, Degussa Process, Annealed 4 7 — 06 — 30 — 0-006
Ferroxcube 1 None 1000 — 400 3
Ferroxcube 3% None 1500 2-5 15 1-5
600 — 20 0-5
Ferroxcube 4% None 80 — 25 0-01
* Deduced from data given by Snoek.!6
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The hysteresis losses correspond to a current of
1 milliampere, so that B is 12 gauss for the core
of Figure 4 and 1-5 gauss for that of Figure 5.

As shown by Figure 4, at audio frequencies it
is easy to arrange for the power factor to be
determined almost entirely by the direct-current
resistance and the core losses, provided that the
self-capacitance is not more than 100-200 micro-
microfarads for a 100-millihenry coil. However,
Figure 5 illustrates the importance of keeping
the self-capacitance and its conductance as low
as possible when the term w?LC becomes appreci-
able,
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Recent Telecommunication Development

Acoustic Mill Feed Controller

SOLID FUEL for modern draught-fed furnaces
passes through a mill in which steel balls
cascading in a rotating tube or drum reduce the
fuel to the consistency of fine powder. The
efficiency of the mill is almost entirely dependent
on the amount of raw coal within the tube.

A set rate of feed is not practicable as the
furnace demands are variable and an excess of
coal in the mill must be cleared manually. Me-
chanical gauging proved to be unsatisfactory
and best results were obtained with a skilled
operator who relied almost entirely on his sense
of hearing to judge when to admit more coal.

An acoustic feed controller has been designed
to make a direct assessment of the mill contents
. based on the noise level in the vicinity of the
drum. A microphone, adequately protected
against dust and dirt, is placed directly beneath
the drum. A high-pass filter segregates the sig-
nificant high-frequency noises emanating mostly
from inside the drum from the low-frequency
noises associated chiefly with the external gearing
and drive of the mill.
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The most significant noise frequencies are in
the vicinity of 4 kilocycles and their intensity
varies over a range of some 14 decibels between
the full and empty condition of the tube. If the
entire noise spectrum is sampled, the comparable
volume range is only about 3 decibels. Small
wonder, therefore, that mill feed controlling was
so highly skilled an occupation and, incidentally,
that the skill diminished when the operator had
a cold in his head. '

The output from the amplifier and filter actu-
ates a relay that alters the speed of the feed
motor and keeps the drum loaded to an optimum
value. Alternatively, a suitable gauge may be
actuated to afford visual indication of the con-
tents of the mill for manual control of the feed
mechanism.

This equipment was designed and installed by
Standard Telephones and Cables, Limited, and
has proved so completely effective that it has
already been scheduled for inclusion in a number
of the most modern fuel processing plants.
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Anechoic Chamber for Acoustic Measurements

By D. W. ROBINSON

Standard Telephones and Cables, Limited; London, England*

CCURATE acoustic measurements may
be made out of doors or in rooms having
surfaces that absorb substantially all

the sound energy impinging on them. A room
of this type has been constructed in accordance
with fundamental designs outlined by Beranek
and Sleeper. Its structure is described and some
results of tests made to prove its performance
are given.

1. Introduction

In recent years a number of acoustic rooms
have been described in the technical literature.
An important contribution to the art was made
by Beranek and Sleeper! who published data
demonstrating the advantageous properties of
“fibreglass’’ wall treatments for obtaining high
sound absorption at low audio frequencies.
Acoustic rooms at the Acoustics Laboratory of
Harvard University and at the Parmly Sound
Laboratory in Chicago were among the first to be
built to the specifications of Beranek and
Sleeper.

The acoustic room described here was erected
in the acoustics laboratory of Standard Tele-
phones and Cables at New Southgate, London,
during 1947 and 1948; it was designed and the
construction supervised by the company’s
engineering staff. It was desired to provide a
chamber which, for its size, was comparable in
performance with those mentioned above and to
those being erected at the same epoch by other
authorities in England. The basic design was
accordingly modelled on the same lines as these
rooms.

The published data related particularly to
fibreglass of one density (23 pounds per cubic
foot), and it-was recognised that the validity of

* Now with Physics Division, National Physical Labo-
ratory; Teddington, England.

1L. L. Beranek and H. P. Sleeper, ‘“The Design and
Construction of Anechoic Sound Chambers,” Journal of

thge4Acaustic Society of America, v. 18, pp. 140-150; July,
1946.
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the design information possibly rested on this
datum. At the time of construction, fibreglass
of that density was not available in England.
Accordingly, it was found necessary to use a
slightly denser material, namely resin-bonded
fibreglass with a density of 3 pounds per cubic
foot. Some factors other than the density may also
considerably modify the absorption character-
istic, for instance the mean diameter of fibres
and the bonding medium control the specific
resistance, and in these there may have been
appreciable differences from the American ma-
terial. However, the dimensional design criteria
of Beranek and Sleeper were utilised, and despite
the gaps in our theoretical armoury a very
effective acoustic room has successfully resulted.

2. Functions of the Acoustic Room

The size of an acoustic room should be as
large as cost will allow. A lower limit is set by the
functions it is required to perform, in this case
problems arising in the following categories:—
A. Development of telephone transmitters and receivers.
B. Maintenance and calibration of standards of free-field
sound pressure measurement.

C. Calibration of various types of microphones, loud-
speakers, and miscellaneous transducers, but excluding
equipment of really large dimensions.

D. Psycho-acoustic investigations mainly relating to
speech transmission, under silent or controlled conditions.

These requirements can be met with a working
space of about a cubic metre, provided that it is
not too close to any wall. The gross floor area
available was about 260 square feet, and the free
interior dimensions of the finished room are 12
feet 3 inches by 8 feet 9 inches by 8 feet high (3-7
by 2-7 by 2-4 metres). The laboratory in which
it is situated is in a comparatively quiet location
free from earthborne vibration. Tests on the
transmission of airborne sound using a level
noise spectrum showed a reduction of 65 to 70
decibels when the double door was closed. The
ambient noise level in the interior is normally
below threshold.
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3. Structural Details

In order that the interior floor level of the
chamber should coincide with the main labora-
tory floor, a reinforced concrete pit, 2 feet 6
inches (76 centimetres) deep, tanked with

asphalt and slightly larger in plan than the
external dimensions of the chamber, was sunk in
the main floor. The bottom and sides of this pit
were lined with a 2-inch (5-centimetre) thickness
of cork insulation and a 4-inch (10-centimetre)
concrete loading slab was laid on top of the cork
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bottom. This loading slab carried the con-
structional walls of the chamber. It was ori-
ginally intended to construct these outer walls
in cavity brickwork but owing to a shortage of
bricks at the time 9-inch-thick (23-centimetre)
hollow precast concrete block construction had
to be substituted. The roof of the chamber is an
8-inch-thick (20-centimetre) reinforced concrete
slab cast ¢n situ. The slab bearing on the walls
was insulated with 2 inches (5 centimetres) of
cork.

As may be seen in Figure 1, the acoustic
treatment begins with a layer of Celotex board
over the whole of the interior surface. A lattice
of wooden battens supports the fibreglass wedges
which are arranged with adjacent dihedral angles
at right angles. The wedges are 8 inches (20
centimetres) square at the base, and each is
built out on a Z-inch (2-centimetre) timber
frame. The cross-section of the fibreglass is
square for the first 2% inches (7 centimetres), the
remainder is a triangular prism 13 inches (33
centimetres) in length. The direction of the
fibres is approximately normal to the walls.
With the wedges mounted on the battens an air
space of 24 inches (7 centimetres) is left between
the base of the fibreglass and the Celotex lining.
This dimension has an important effect on the
low-frequency absorption characteristic. The air
space is honeycombed in 16-inch (41-centimetre)
squares by strips of Celotex to break up possible
resonant modes parallel to the long dimensions
of the air space.

The wedges are sufficiently short to be self-
supporting, and each is enclosed in a muslin bag.
The treatment is applied to flat wall, floor, and
ceiling surfaces. No attempt -has been made to
turn the corners by setting wedges at oblique
angles. This results in a small area of wall surface
that has no acoustic treatment. The proportion
so affected is, however, small owing to the com-
parative shortness of the wedges; no part of the
uncovered wall is directly visible from the centre
of the room. The shortness of the wedges possibly
confers a net advantage, despite the inferior
absorption characteristic for normal incidence.

Figure 1—The walls have been covered with Celotex
board and a lattice of wooden battens has been erected to
support the fibreglass wedges that provide most of the
sound absorption.

TX



Long wedges must result either in a much greater
proportion of uncovered area, or, if the corners
are rounded, in a bunching of wedge tips.

Access to the interior of the chamber is by
double door. The outer one has a heavy timber
construction in order to have sound reduction
comparable with the walls. The inner one is a
basket of light tubular construction hinging in-
wards and continuing the acoustic wall treat-
ment without interruption. The walking floor
consists of removable slatted boards resting on a
minimum angle-iron framework level with the
tips of the floor wedges. A number of hooks in the
ceiling support removable iron rails running
parallel and diagonally. The other permanent
fittings are a lighting socket and cord connection
frame taking eight screened and three un-
screened pairs to the operating bench outside.

Ventilation has not been specially provided;
it has been found adequate to run a fan in the
interior when the room is not in use.

4. Acoustic Properties of Anechoic

Chambers

Before describing the performance of this
anechoic room, it is pertinent to consider what
is its prima facie prospect of achieving a good
result, which is to represent faithfully the
acoustic conditions in free air. This criterion is
the axiom of the art. To satisfy it exactly, the
refractive index of the medium beyond the
boundary, that is to say, the fibreglass wedges
and interstices, would have to be the same as
that of free air. For any medium that depends for
its absorption properties on porosity and viscous
power loss, the phase velocity, and hence the
refractive index, necessarily differs from that of
air.

It is the practice to study the reflection coeffi-
cient of a sample of the wall treatment for
normal incidence of a plane wave, and very low
values are known to apply to the type of treat-
ment we are considering. The behaviour of the
same material for oblique and random incidence
does not necessarily follow the same laws. It has
been noted by several observers that at low
frequencies an anomalous sound pressure dis-
tribution sometimes exists in the space between
a small source and a wall. It consists of a decline
in the root-mean-square value of sound pressure
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on a line away from the source more rapid than
in free air. This is contrary to the intuition that
a greater pressure should exist in the presence of
a forward obstacle than in a free field, and it
serves to illustrate that considerations of plane
waves are no necessary guide to the properties
of diverging waves. A theoretical investigation of
this phenomenon has been made by Rudnick,?
who confirms it for certain conditions. It has
not been observed at New Southgate.

The behaviour at higher frequencies may be
explained by the orthodox theory of statistical
mechanics. Olson? quotes a result for the mean
ratio of reverberant-energy density to direct
intensity in terms of the reflection coefficient of
the boundary, for normal incidence, namely

E, 1—a

Lr_ 2
i, 16772 S5

(1

"in which

E,=energy density at a point due to reverberant
energy
Ei=sound intensity at the same point due to a
point source
r=distance of the point from the source
S=surface area of the enclosure
a=energy absorption coefficient of .S.

This equation applies to a rectangular room with
uniform absorption at the walls. If this is written
in the form

E, , ZAS—2a.AS

B, 107 S S AS

Eq @)

in which

AS=an element of surface area
a=energy absorption coefficient associated
with AS,

some estimate of the order of magnitude of the
ratio may be made; (2) is not rigorous because
(1) depends on symmetry of the eigenfunctions.
We shall err on the side of over-estimating the
reverberant effect in our chamber if the projected
area of the walls is taken as 550 square feet (51
square metres) with an energy absorption
coefficient of 0:9975 (this corresponds to a
2. Rudnick, “The Propagation of an Acoustic Wave
Along an Absorbing Boundary” (Summary) Journal of the
Acousnc Society of America, v. 18, p. 245; July, 1946.

. Olson, Elements of Acoustical Engmeermg, Van
Nostrand New York; 1940; p. 305.
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pressure reflection of 5 per cent, which is less
optimistic than Beranek’s best figure for fibre-
glass wedges at mid-frequencies), and include a
term of 38 square feet (3-5 square metres) at zero
absorption coefficient to represent the total
exposed surface area of all iron work in the room.
The floorboards are supposed absent. With: »
equal to one metre, these data give a reverberant-
energy density 12 decibels below the direct-
sound intensity. The reverberation is in random
phase, and so we may expect irregularities of the
order =£0-7 decibel about the mean line in the

curves relating pressure with distance from a’

point source. This must certainly be an upper
limit to the error at frequencies for which the
statistical equation is valid, since it is evident
that the angle iron of the floor framework, which
is the dominating factor in the calculation, cannot
all be equally effective in reflecting sound; it is
half buried in the floor treatment and in any case
exposes only about one sixteenth of the allotted
area to normally incident waves. In practice,
on the other hand, one does not have a point
source or a point probe, and contributions to
observed error from the finite size of these and
their mountings are at least as likely as from
wall reflection. We conclude that errors exceeding
the order of magnitude +0-7 decibel will need
other explanations.

5. Criteria of Comparison of Anechoic
Rooms

The performance of anechoic chambers is most
satisfactorily described in relation to certain
rather artificial conditions. It is not practicable
to compare the radiation fields of practical
sources in the chamber and in the open air
because of the complexity and the difficulty of
the outdoor measurement at a sufficient height
above ground.

Various methods suggest themselves for as-
sessing the extent of the departure from free
air conditions. A property characterising an
unrestricted medium is the propagation of
spherical waves from a point source. The loosely
termed inverse-square-law test consists of meas-
uring the root-mean-square sound pressure as a
function of distance along a radial line from the
source, which may be placed anywhere in the
enclosure. For this test, one needs an effective
point source, a probe microphone, and a means of
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varying and accurately determining the position
of the latter. The position of the source can
usefully be restricted to the position of practical
sources in the normal use of the room, and the
radial line should cover the prospective working
space, that is, not much more than a metre in
appropriate directions. The independent variable
in this method of test is most conveniently taken
to be the distance; measurements are made at a
series of fixed frequencies. This method of in-
vestigation has been found to be by far the most
sensitive and satisfactory.

Among other possible methods of approach is
the procedure in which an arbitrary receiver—
microphone system is moved about in the
enclosure and the overall response between
electrical terminals is observed. If the acoustic
room is effective, the transducer system is
indifferent to the position of the boundary rela-
tive to itself and indicates a constant overall
response for all positions in the chamber. The
modus operandt is to put the transducer system
at a number of arbitrary positions and measure
the overall response-frequency characteristic.
In this way, it is claimed that the performance of
the chamber is presented as a continuous func-
tion of frequency. In practice, it has been found
inferior to the inverse-law test for two main
reasons. To set up a receiver and microphone in
constant relative position by independent mount-
ings for direct mensuration may be ruled out
owing to the fact that the sound field is sensitive
to small changes in the position of clamps, hooks,
etc., thus obscuring the effect under observation.
A rigid connecting framework is necessary and
this suffers from a similar disadvantage; the
receiver and microphone must be sufficiently far
apart to bring the reverberant response into
relative prominence. This usually means having
a robust framework, which introduces irregu-
larities in the total response due to local reflec-
tions. These local reflections obscure the effect
of wall reflections, the more so the more effective
the chamber. These objections may be overcome
to a large extent if the transducers are directional
and face away from each other, so increasing the
relative importance of the reflected term.

No suitably directional sound sources or
microphones were available at the time the room
was tested, but some tests were made by the
method just described using an omnidirectional
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receiver and microphone. The results added little
to the data obtained from the inverse-law tests.

The second principal objection is that the
observed effects are less amenable to
pretation. The difficulty created by response
irregularities due to reflection from the rigid
mounting can of course be circumvented by
reverting to the use of fixed frequencies, with
distance as the independent variable. There is
then no advantage in the method. Using direc-
tional transducers, a direct indication of i-per-

cent pressure reflection. at the boundary requires
i i —50

inter-
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6. Performance of Room

The tests to be described were based on the
inverse law of pressure against distance as de-
scribed above, for which a good point source
and probe are necessary to ensure sharply
localised measurement and spherical symmetry.
It has been found that the closest attention must
be devoted to these items and to their mountings

to avoid experimental errors exceeding the

offect ;
effect under observation. This was the point of

Section 4, in which some estimate of the effect
attributable to the room, as opposed to the
measuring technique, was made in advance.

A high degree of resolution was aimed at, to
show the fine structure of standing-wave patterns
when they occurred. The frequencies of interest
rdngeu up to lU KIlU(,y(.le per SCCOHG lIlLI'(;‘IIlCIl ts
" of distance of 0-5 centimetre were required at the
highest frequencies, increasing to 10 centimetres

at the lowest (125 cycles per second) frequency.
The positional accuracy of the microphone,
which was suspended on a trolley of steel strips
from the diagonal ceiling rail and manipulated
from outside by a steel wire and balance weight,
was about 0-1 centimetre. The probe microphone
was of the t LYpeE W tl’i a Lube abouL 20 centim
long by 1-5 centimetres bore. It was varxously
arranged, with or without a small-bore probe
tip 3 inches (8 centimetres) in length, and parallel
or transverse to the line of the sound source.
An alternative type with a probe tube of smaller
diameter (0-35 centimetre, length 40 centimetres)
was occasionally used but was somewhat
restricted in application owing to its inherent

e el -}

CLI <o
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insensitivity combined with the lower power of
the diminutive sound source, which was essential
to the success of the experiments. Small correc-
tions were made at the highest freque
the 1.5-centimetre probe was used transversely,
to allow for reduction of the observed amplitude
of stationary-wave peaks due to the phase
difference across it.

The source of sound presented the major
problem. An electrodynamic loudspeaker with
undamped 2-centimetre-diameter throat was
rejected, except for some low-frequency measure-
ments, owing to strong reflections from the face,

IRICLIN

and other anomalous properties. An open-ended
tube connected to it was satisfactory at low
frequencies. The speaker unit was concealed
between two wedges. At higher frequencies, the
radiated power was only sufficient when the tube
was resonant, but facilities for the adjustment

af 4o 1o 3
of its length were not available.

Satisfactory measurements at 125 and 25C
cycles per second were obtained by the aid of
the hornless loudspeaker unit and the aperiodic
tube. From 375 cycles per second upwards a
point source was approximated by a miniature
electromagnetic receiver, the overall dimensions
OI WnlCﬂ are A IJ Centlmetres IIl (.llclfﬂeLCI' Uy .l 5
centimetres thick. At frequencies below about
cond this unit could certainly

whan
LR U2

o3
¢}
L.
¢]
w

6 kilocycles per sec
be cons1dered as a point, and no account need be
taken of its orientation, or of whether sound
emanated from part or whole of the surface. At
the higher frequencies there was evidence of a
virtual source at a distance up to 0-5 centimetre
in front of the emitting face, and care was needed

+ ~f +ha +rapaivar and micra.

avial alionmeaent o
1t Ol uld ICCCIVETD aniG Cro-

lll Lhc aAlal ausuxue
phone. The existence of a focus was demonstrated
by plotting reciprocal sound pressure at the
probe tip against distance from the apparent
or physical source; the relation was linear with
positive intercept on the axis of distance. The
electromagnetic receiver was suspended on
twine using its shielded input cord as a guy rope.
The greatest sound pressure at 1 metre distance
delivered by this receiver was —15 decibels
relative to 1 dyne per square centimetre at 500
cycles per second, 0 decibels at 9000 cycles per
second, with a maximum of -+15 decibels at
2500 cycles per second.

All the measurements were taken over the
range from 10 to 100 centimetres between source
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Figure 2—Departures from the theoretical relation of
pressure at the probe tip being proportional to the inverse
distance to the sound source are plotted against distance
between the probe and source for the indicated frequencies
in kilocycles per second in 4. The dotted lines are with
the chamber empty of superflucus fittings. The final
results with all reflecting surfaces covered are given in
solid lines and some intermediate conditions are indicated
by the chain lines. The lower set of curves (B) correspond
to the solid-line graphs of 4 at the frequencies indicated.
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and probe tip, most of them along a horizontal
diagonal of the room. Owing to the necessity of
frequently overdriving the small source, the
circuit of the probe microphone included a vari-
able band-pass filter, and linearity checks were
made over the range between the receiver over-
load point and the microphone-circuit noise
level. This was not less than 20 decibels. The
stability and calibration of the measuring circuit

was better than 0-1 decibel.
An

frequencies from 125 to 9000 cycles per second
gave some anomalous results in the region of 3
to 5 kilocycles per second, some extremely close
approaches to the inverse law below 2 kilocycles
per second, and evidence of stationary waves of.
small amplitude at higher frequencies amounting
to less than =1 decibel about a mean line, which
was itself in very close agreement with the in-
verse law. The anomalous result was in the
nature of a total departure of the experimental
results from point-source theory over a certain
distance range (about 20 to 60 centimetres),
amounting to perhaps 2 decibels at most. The
departure was above or below the theoretical
curve according to frequency, with which it
varied critically. The cause was found to be
associated with the mounting of the microphone
(the moving trolley), and. to some extent the
permanent fixtures in the room, although these
had already been reduced to apparent insignifi-
cance. The floorboards were naturally removed

Of measurements at 25
t

111CASuL CLICIiw . av 4LV

garing
SUL IS

initial
ilitias

-throughout these proceedings.

It was discovered that by modifying the
mechanical set-up very slightly the anomalous
results could be shifted in frequency and in
position along the scale of distance as shown in
Figure 2A. A second series of measurements was
made in the same way as the first after every
possible reduction of exposed reflecting area had
been made. Figure 2B shows a few typical results
from this series. That is, such permanent fittings
as were not already covered were wrapped in
cotton-wool, the moving trolley was simplified
and similarly treated; the probe microphone was
also wrapped in absorbent material. The effect
of these minor adjustments, which were made
progressively in a number of steps, was both to
shift the frequency at which the abnormal effect
was most pronounced and to reduce the mag-
nitude of the departure from the theoretical to




about 0-7 decibel. There was no appreciable
change in the pattern of the curves previously
ascribed to stationary waves; in fact, the fine
structure of the pressure distribution was very
closely repeated,

In Figure 2A the dotted lines show the de-
parture from the inverse law in the initial experi-
ments at the frequencies where the effect was
important. The full lines show the departures in
the improved set-up and the chain lines represent
various intermediate conditions. It will be seen
that the best agreement is not obtained with the
same set-up at each of the frequencies illustrated,
but that the final set-up is generally an improve-
ment on the initial.

At this stage it was possible to segregate effects
proper to the anechoic chamber from those due
to adventitious causes, and the conclusions are
summed up as follows. The central space of the
room for a distance of one metre from a given
point is equivalent to free air within these
limits:—

A. 40-2 decibel from 125 to 1500 cycles per second.
There was no reliable data for lower frequencies.

B. +0.5 decibel from 2 to 10 kilocycles per second. The
observed departures from free-air conditions are consistent
with a regime of stationary waves in the direction joining
the point of observation to the source.

It appears surprising that any regular system
of stationary waves should reveal itself, in view
of the multiplicity of possible reflection paths
contributing to the total pressure at the probe
microphone. There is little scope for misinter-
pretation: each experimental curve of sound
pressure against distance exhibits periodic fluc-
tuations about the theoretical mean curve, the
amplitude of which increases with distance from
the source, and the period of which corresponds
exactly to the wavelength of sound in air. If the
oscillations were due to reflections from the
microphone and source, the amplitude should not
vary with distance in this manner.

7. Axial Radiation of Some Practical Sound
Sources

In the course of the experimental work de-
scribed, a variety of sources had been used in
addition to the types already mentioned. The
observed axial pressure distributions were in
certain cases very irregular and illustrate the
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unsuitability of these conventional radiators as
sound sources in acoustic experiments in which
microphones of high resolution are involved. The
irregularities greatly exceeded the effect of room
reflections.
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Figure 3—Axial pressure distribution of RR-101-C loud-
speaker unit with undamped throat for the frequencies
indicated in kilocycles per second.

An 8-inch (20-centimetre) cone-type loud-
speaker in a 36-inch (91-centimetre) square
baffle gave a normal axial distribution in various
frequency ranges from 1 to 10 kilocycles, from as
short a distance as 30 centimetres, frequently
accompanied by fluctuations about the theo-
retical curve of 2 or 3 decibels, correlated with
wavelength. The curves for 62:5 and 125 cycles
per second fell too steeply; that for 250 fell too
slowly. Curves for 500, 1500, 6000, and 8500 are
entirely anomalous, exhibiting neither periodic
fluctuations nor even general adherence to the
theoretical curves. The theoretical curve for this
loudspeaker was taken to be the axial pressure
of a flat-piston radiator in a baffle; this ap-
proximation, though still somewhat crude,
improved the agreement. At certain frequencies
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the agreement was improved by shifting the
origin of distance, indicating focussing of the
source not indicated by simple flat-piston theory.
The shift, of up to 5 centimetres, was sometimes
in one direction and sometimes in the other.
The permanent-magnet speaker without horn,
already mentioned as having been used in the
crucial experiments at low frequencies, had some
remarkable properties at higher frequencies as
may be seen in Figure 3. At 1000 and 2000 cycles
per second the oscillations of the curve occur at
wavelength intervals. The extraordinary de-
parture of 12 decibels at 2-5 kilocycles per
second and 20 centimetres was confirmed in a
further series of measurements. The pattern of
oscillations about the theoretical curve for 6-5

kilocycles per second decreases with the distance.
The interpretation of this is that reflections are
set up from the face of the source, which is a
metal plate having a diameter of 6 inches (15
centimetres). Curves for frequencies in the
intervals between those illustrated were com-
paratively normal.

The magnitude of the striking departures from
simple theory described and illustrated is to be
viewed in relation to the magnitude of wall
reflections in the anechoic room itself. The few
results quoted serve to show the difficulty of
setting up a locally uniform sound field and that
great care must be taken in selecting the sound
source appropriate to a particular experimental
purpose.

Recent Telecommunication Development

Largest Private Telephone Exchange in Great Britain

HE LARGEST private telephone exchange in
Great Britain serves the new government
offices being erected in London on Victoria Em-
bankment opposite to the site of the Festival of
Britain to be held from May 3 to September 30.
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This fully- automatic exchange provides for
3000 internal extensions with 33 manual posi-
tions. Provision is made for 400 tie lines to allow
direct dialling to other government offices in the
London area, with special equipment for long-
distance working.

Although this new ex-
change has access to the
public telephone net-
work through Trafalgar
exchange, all trunk and
toll calls are controlled
and timed by its own
operators.

A unique feature is
the _specially designed
directory and enquiry
tables with their revolv-
ing drum files that are
capable of containing
some 12 000 records.

Standard Telephones
and Cables, Limited,
was responsible for the
manufacture and instal-
lation of the equipment.
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United States of America

International Bitandard Electric Uorporation, New York,
New York

Federal Telephone and Radm Corporation, Clifton, New
Jersey

Internationsl Standard Trading Corporation, New York, New
York

Capehart-Farnasworth Corporation, Fort Wayne, Indiana

Great Britain and Dominions

Py

Btandard Telephones and (Jables, Limited, London, Engiand
Creed und Company, Limited, Croydon, Engiand

International Marine Radio Company Limited, Croydon,

Bnpland
Kolster-Brandes Limited, Sideup, England
Standard Telephones and Cables Pty Limited, Sydney,
Australia
Sttovae Eleetrieal Products Pty. Limited, Sydney, Australia
Austral Standard Cables Pty. Limited, Melbourne, Australia

New Zealand Eleetric Totalisators Limited, Wellington, New
Zeualand

Pederal Electric Manufacturing Company, Ltd.. Montreal.
Canada

South America

Compafia Standard Blectric Argenting, Sociedad Anonima,
Industrial ¥ Comercial, Buenos Aires, Argentina

Standard Eleetrica, S5.A., Rio de Janeiro, Brazil
Compania Stendard Electrie, 8.A.C., Santiago, Chile

Europe and Far East
Vereinigte lelephon- und elegraphenfabriks Aktiengesell-

schaft Czeija, Nissl & Co., Vienna, \ustria

Bell T'elephone Manutacturing Company, Antwerp, Beigium
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Standard Eleetric Aktieselskab, Copenhagen Denmark
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France
Le Matériel Télephonique, Paris, France
Les Téléimprimeurs, Paris, France
C. Lorenz, A.G.

Mix & Genest Aktiengesellschaft and Subgsidiaries, Stuttgart,
Germany

and Subsidiaries, Stuttgart, Germany

Stddeutsche  Apparatefabrik  Gesellsehaft m.b.H.. Niurem-
berg, Germany

Nederlandsche Standard Electric Maatschappii N.V.. The
Hagne, Netherlands

Fabbrica Apparecchiamree per Comunicazioni Elettriche,
Milan, Italy

Standard Telefon og Kabelfabrik A/S, Uslo, Norway
Standard Eléctrica, Lisbon, Portugal

Compatita Radio Aérea Maritima Espafiola, Madrid, Spain
Standard HEléetriea, S.A., Madrid, Spain

Alktiobolaget Standard Radiofabrik, Stockholm, Sweden
Standard Teiephone ot Radio S.A., Zurich, Switzerland

Telephone Operating Systems

Compaiiia Telefénica Argentina, Buenos Aires. Argentina

Corapaiiia Teleprafico-Telefonica omereial, Buenos Aires,
Argentina

Compaiiln Telegrificoslelefonica del Plata, Buenos Aires,
Argentina

Combpanhia Telefonica Nacional, Porto Alegre, Bragil

Compaiiia de Teléfonos de (Thile, Santiago, (hile

Compania TelefOnica de Magallanes S.A., Punta Arenas, Chile

Cuban Arerican Telephone and Telegraph Company, Ha-
vana, (luba

Cuban Telephona Clompany, Havana, Cuba

Compania Peruana de Teléfonos Limitada, Lima, Pern
Porto Rico Telephone Company, San Juan, Puerto Rico

‘shanghm Telephone Company, Federal Inc. U.B.A., Shang-
hai, Ching

Radiotelephone and Radiotelegraph Operating Companies

Compafiia Internacional de Radio, Buenos Aires. Argentina

. sea u AR O e iy Syl
Lompania L nierndelong |l ae R adlo nolviang; g Far nonvia

Companhia Radio Internseional do Brasil, Rio de Janeiro,
Brazil

C'ompania Internacional de Radio, 8. A., Santiago, Chile
Radio Corporation of Cuba, Havana, Cuba

Radio Corporation of Porto Rico, San Juan, Puerto Rico

Cable and Radiotelegraph Operating Companies
(Controlled by American Cable & Radio Clornoration, New York, New Yark)

The Commercial Cable Company, New York, New York:

Mackay Radio and Telegraph (‘ompany New York, New

York?

All America Cables and Radio, Inc., New York, New York®

Sociedad Andénima Radio Argentina, Buenos Aires, Argentinat

*Cable service. Intermational and marine radiotelegraph services.
#Cable and radiotelegraph services. ‘Radiotelegraph service.

Laboratories

Federal Pelecommunication Laboratories Ine.
Jersey

[nterna,tmna,l Taleecommunication Laboratories. I[ne., New

York, New York

Nutley, New

Tabaratoire Central de |

Standard Telecommunication Laboratories, Limited, London,
ingland



